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A  laboratory  investigation  was  conducted  to  evaluate  the  relationships  between  the 

results  of  the  SHRP  binder  tests  and  the  results  of  the  conventional  asphalt  tests,  and 

between  the  results  of  the  SHRP  binder  tests  and  the  cracking  resistance  of  the  asphalt 

mixtures  under  Florida  conditions.  Six  different  base  asphalts  fi-om  five  different  refinery 

sources  were  used  in  this  study.  The  three  types  of  modifiers  used  in  this  study  were 

ground  tire  rubber  (GTR),  styrene-butadiene  rubber  (SBR)  and  styrene  block  copolymer. 

These  modified  and  unmodified  asphalts  were  subjected  to  the  standard  RTFOT  process 

to  simulate  the  short-term  aging  effect  that  occurs  in  the  hot-mixing  process  and  followed 

by  the  SHRP  PAV  process  at  100°  C  to  simulate  the  additional  aging  of  the  asphalt  binder 

in  the  field.  All  these  asphalts  and  asphalt  blends  were  evaluated  by  the  SHRP  and 
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conventional  binder  tests.  Asphalt  mixtures  (made  of  three  different  binders)  were 
compacted  by  the  gyratory  testing  machine  (GTM)  and  aged  according  to  the  SHRP 
proposed  short  term  oven  aging  (STOA)  procedure  and  long  term  oven  aging  (LTOA) 
procedure.  These  aged  and  unaged  asphalt  mixtures  were  evaluated  by  resilient  modulus, 
indirect  tensile  strength,  and  indirect  tensile  creep  tests  at  0,  -10  and  -20 °C.  Asphalt 
residues  were  recovered  from  the  broken  samples  and  evaluated  by  the  binder  tests. 

The  results  show  that  the  G*sin6  and  G*  values  as  measured  by  the  dynamic  shear 
rheometer  correlate  well  with  results  of  conventional  tests  (penetration  and  viscosity)  on 
the  same  binders  at  similar  temperatures.  The  creep  stiffness  as  measured  by  the  bending 
beam  rheometer  at  low  temperatures  correlates  well  with  the  Fraass  breaking  point 
temperature.  However,  the  failure  strain  as  measured  by  the  direct  tension  tester  at  low 
temperatures  correlates  poorly  to  the  Fraass  breaking  point  temperature. 

It  was  found  that  the  creep  compliance  measured  in  the  indirect  tensile  creep  test 
reached  a  steady  state  at  a  time  of  500  seconds  and  it  was  possible  to  predict  the  creep 
compliance  at  1000  seconds  or  beyond  from  the  test  results  up  to  500  seconds.  The 
mixture  stiffiiess  at  -10°C  was  found  to  be  linearly  related  to  the  creep  stiffiiess  of  the 
binder.  The  tensile  strength,  failure  strain  and  fracture  energy  of  the  mixtures  at  -10°C 
were  found  to  be  not  related  to  the  binder  creep  stiffiiess  at  the  same  temperature.  The 
resilient  modulus  was  found  to  be  close  to  the  stiffness  of  the  mixture  at  1  second  as 
determined  by  the  creep  test. 

The  test  results  indicate  that  asphalt  modification  with  SBR  or  GTR  could  improve 
both  the  high  temperature  and  low  temperature  characteristics  of  the  asphalt  binders. 
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CHAPTER  1 
INTRODUCTION 

1.1  Background 

A  pavement  engineer  is  concerned  with  the  performance  of  pavements  which  is 
affected  by  the  type,  time  of  application,  and  quality  of  the  maintenance  it  receives. 
Preventive  timely  maintenance  will  slow  the  rate  of  pavement  deterioration.  Delays  in 
maintenance  and  deferred  maintenance  increase  the  quantity  of  defects  and  their  severity 
so  that,  when  corrected,  the  cost  of  repair  is  greater.  Continued  deferral  of  maintenance 
and  rehabilitation  shortens  the  time  between  overlays  and  reconstruction,  and  thus 
increases  the  life  cycle  costs  of  a  pavement  considerably.  There  is  an  increasing  emphasis 
upon  the  development  and  use  of  mechanistic  analysis  and  rehabilitation  design.  Prior 
research  conducted  for  the  FDOT  (Florida  Department  of  Transportation)  established 
relationships  between  the  constant  power  viscosity  and  asphalt  concrete  mixture 
parameters.  This  resulted  in  the  development  of  a  computer  program  for  the 
Rehabilitation  Evaluation  and  Design  of  Asphalt  Pavement  Systems  (RED APS)  which  has 
combined  all  key  elements  in  the  process  of  pavement  evaluation  and  rehabilitation  design. 

The  recent  SHRP  asphalt  research  program  has  resulted  in  the  development  of 
performance-based  asphalt  binder  and  asphalt-aggregate  mixture  specifications.  The 
FDOT  is  in  the  process  of  evaluating  and  implementing  these  new  tests  and  specifications. 
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While  these  new  tests  and  specifications  offer  potential  for  improved  pavement 
performance  and  management,  there  has  been  very  little  experience  with  them.  There  is  a 
need  to  evaluate  these  new  test  methods  with  regard  to  their  applicability  for  use  as  direct 
input  for  mechanistic  pavement  analysis  and  design.  SHRP  test  methods  and 
specifications  have  not  addressed  pavement  rehabilitation  nor  mechanistic  analysis. 
Consequently,  there  is  a  need  to  relate  asphalt  properties  to  mix  behavior  at  the  critical 
thermal-load  conditions  where  pavement  failures  are  most  likely  to  occur. 

1.2  Studv  Objectives 
The  main  objectives  of  this  study  are  as  follows: 

1 .  To  develop  and  evaluate  the  relationships  between  the  results  of  the  SHRP  binder 
tests  and  the  results  of  the  Schweyer  rheometer  test  and  other  conventional  asphalt 
tests  that  have  been  commonly  used  by  the  FDOT. 

2.  To  develop  and  evaluate  the  relationships  between  the  results  of  the  SHRP  binder 
tests  and  the  cracking  resistance  of  the  asphalt  mixtures  under  Florida  conditions. 

3.  To  evaluate  and  compare  the  SHRP  aging  processes  for  asphalt  mixtures  and  those 
for  asphah  binder  under  typical  Florida  conditions. 

4.  To  study  and  evaluate  the  aging  characteristics  of  selected  modified  asphalts  and 
mixtures  which  are  likely  to  be  used  in  Florida. 

5.  To  evaluate  the  SHRP  Performance-related  tests  for  asphalt  binders  and  modified 
asphalt  binders  to  be  used  in  Florida. 


i 

I 


CHAPTER  2 
LITERATURE  REVffiW 


2. 1  Conventional  Characterization  and  Evaluation  of  Asphalt  Binder 
When  asphalt  is  cold  and  brittle,  it  may  behave  as  a  nearly  elastic  sohd  material  that 
exhibits  stress  in  proportion  to  the  strain,  but  not  in  proportion  to  the  rate  of  strain.  At 
elevated  temperatures,  most  asphalts  will  approach  perfectly  viscous  (Newtonian)  fluids 
that  exhibit  stress  in  proportion  to  the  rate  of  strain,  but  not  in  proportion  to  the  amount 
of  strain.  A  viscoelastic  material,  such  as  asphalt,  exhibits  both  elastic  and  viscous 
behavior  response  and  displays  a  time  dependent  relation  between  an  applied  stress  and 
the  resultant  strain.  Within  the  linear  viscoelastic  region  of  an  asphalt,  the  interrelation  of 
stress  and  strain  is  influenced  by  time  alone,  and  not  by  the  magnitude  of  the  stress  [1]. 
On  the  other  hand,  using  stiffness  (stiffness  modulus)  to  describe  asphalt  behavior  is 
appropriate.  Stiffness  is  the  relationship  between  stress  and  strain  as  a  function  of  time  of 
loading  and  temperature;  this  relationship  between  stress,  strain  and  time  is  also  referred 
to  as  the  rheological  behavior  of  asphalt  cements  or  mixtures.  Figure  2. 1  shows  a 
simplifled  diagram  illustrating  the  time-of-loading  dependence  of  the  stiffhess  of  asphalt 
materials  for  a  particular  temperature  [2].  At  very  short  loading  times,  it  is  noted  that 
stiffhess  is  essentially  time  independent;  in  this  case,  the  stiffhess  approaches  the  elastic 
modulus.  For  an  intermediate  range  on  the  time  scale,  the  stiffhess  decreases  with  an 
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Elastic  Behavior 


 ► 

Time,  t  (log  scale) 


Figure  2.1 


Idealized  Time-of-Loading  Dependence  of  the  Stiffness  (Stress/Strain) 
Characteristics  of  an  Asphalt  Materials  Subjected  to  an  Axial  Tensile  Stress 
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increase  in  time  of  loading.  At  very  long  loading  times,  the  stiffness  may  still  decrease,  but 
at  a  uniform  rate,  and  the  behavior  may  be  considered  to  be  purely  viscous  [2]. 

This  section  reviews  the  conventional  methods  of  characterizing  the  rheological 
properties  of  asphalt  cements. 
2.1.1  Consistency  of  Asphah  Cements 

The  current  methods  to  characterize  the  consistency  of  asphalt  cements  are  by 
penetration  or  viscosity  tests.  The  penetration  grading  test  (ASTM  D  5)  involves  the 
measurement  of  penetration  of  a  standard  needle  into  a  sample  of  asphalt  cement  under  a 
standardized  time  of  5  seconds,  temperature  of  25°C  and  load  of  lOOgs  [3].  The  second 
method  of  evaluating  asphalt  cements  is  by  viscosity  grading  (ASTM  D  3381)  which  is 
controlled  by  the  absolute  viscosity  at  60°C. 

These  two  sets  of  specifications,  penetration-graded  and  viscosity-graded,  are 
currently  in  use  in  the  United  States  and  Canada.  The  primary  purpose  of  these 
specifications  is  to  grade  an  asphalt  cement  according  to  its  consistency. 

Although  viscosity  is  a  fundamental  property  measuring  flow,  absolute  viscosity  at 
60°C  it  only  provides  information  about  high  temperature  viscous  behavior.  Viscosity 
grading  at  60°C  (140°F)  is  deceptive  for  indicating  performance  at  average  or  low 
pavement  service  temperatures.  Creep  tests  have  been  conducted  by  a  large  number  of 
researchers  to  attempt  to  calculate  the  viscosity  (r|)  of  asphalt  cement  at  average  or  low 
pavement  temperatures  [4],  To  make  such  a  calculation,  it  is  necessary  to  apply  a 
constant  shear  stress  (x)  to  an  asphalt  cement  until  the  shear  strain  (y)  versus  time 
response  becomes  linear  causing  a  constant  slope  or  shear  rate  ( Y  )•  At  temperatures 
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below  25  °C  (77  °F),  long  loading  times  at  a  constant  stress  are  required  before  a  linear 

response  or  steady-state  flow  occurs.  The  loading  times  required  to  achieve  a  constant 

shear  rate  for  a  typical  paving  grade  asphalt  binder  are  shown  in  Table  2. 1  [4]: 

Table  2. 1       Time  Required  for  Pure  Viscous  Flow  for  Typical  Paving  Grade 
Asphalt  Binder 


Temperature,  °C 

Time  Required  to  Achieve 
Steady-State  Flow 

5 

3  days 

15 

1  '/2  hours 

25 

5  minutes 

35 

60  seconds 

At  loading  times  less  than  those  given  in  the  above  table,  asphalt  cement  displays  a 
delayed  elastic  response  where  the  shear  rate  ( Y)  is  not  constant.  If  a  long  time  period  is 
allowed  for  the  delayed  elastic  response  to  be  completed,  very  large  strains  could  result 
which  cause  the  response  to  be  nonlinear.  When  this  occurs,  these  large  strains  in  a  short 
duration  test  are  so  large  that  the  assumption  of  small  strains,  which  is  used  in  the  analysis 
of  the  problem,  is  invalid  [4].  Also,  viscosity  results  do  not  provide  information  about  low 
temperature  elastic  behavior  which  is  needed  to  predict  pavement  performance  at  low 
temperatures  and  which  may  prevent  low  temperature  cracking  [5]. 

Penetration  is  an  empirical  test  which  indicates  the  consistency  of  an  asphalt  binder 
at  an  average  pavement  service  temperature  of  25°C  (77°F).  The  applied  shear  rate  is 
high  during  the  test  and  could  vary  depending  on  the  consistency  of  the  asphalt. 
Penetration  testing  at  25  °C  (77°F)  is  a  poor  indicator  of  pavement  performance  at  higher 
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or  lower  pavement  service  temperatures.  In  the  penetration  grading  system,  no  viscosity 
value  is  available  to  establish  mixing  and  compaction  temperatures.  Often,  both  grading 
systems  have  problems  in  predicting  the  performance  of  modified  asphalt  binders.  The 
two  grading  systems  do  not  address  specific  distress  modes  or  ensure  long-term  field 
performance  [4].  In  summary,  the  current  specifications  and  test  methods  are  not 
performance-related  because  they  [6]: 

a.  lack  adequate  low-temperature  measurements 

b.  do  not  include  fundamental  binder  properties  that  can  be  related  to 
fiandamental  mixture  properties  or  to  pavement  performance 

c.  are  not  appropriate  (capillary  viscometer)  for  measuring  consistency  at  the 
upper  service  temperatures,  and 

d.  do  not  consider  long-term  in-service  aging. 

Because  of  these  deficiencies,  as  mentioned  above,  many  agencies  have  made 
changes  to  these  testing  procedures  and  specifications  in  order  to  relate  them  to  field 
performance  and  to  accommodate  local  conditions.  In  many  areas  of  the  United  States, 
these  different  tests  and  specifications  have  caused  problems  for  asphalt  producers  wishing 
to  market  their  products.  Many  times,  states  with  similar  performance  conditions  will 
specify  very  different  asphalt  binders.  The  lack  of  relationships  between  the  specifications 
and  pavement  performance  have  made  it  impossible  to  develop  performance-related 
specifications  which  relate  to  the  performance  of  the  material  in  the  field  [4]. 
2.1.2  Temperature  Susceptibilitv  of  Asphalt  Binders 

!         Temperature  susceptibility  is  defined  as  the  change  in  consistency,  stiffness,  or 
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viscosity  of  an  asphalt  cement  as  a  function  of  temperature.  Temperature  susceptibility  is 
usually  quantified  through  parameters  calculated  using  consistency  measurements  made  at 
two  different  temperatures  [4,6].  Two  parameters,  viscosity  and  penetration,  have  been 
used  to  measure  the  temperature  susceptibility  of  an  asphalt  cement.  As  illustrated  in 
Figure  2.2,  asphalt  cements  A,  B  and  C  all  have  the  same  viscosity  and  penetration  grade 
because  they  are  within  the  specification  limits  at  60°C  (140°F)  and  25°C  (77°F). 
Asphalts  A  and  B  have  the  same  temperature  susceptibility,  as  indicated  by  the  same  slope 
of  the  consistency  versus  temperature  plots,  but  they  have  a  different  consistency  at  all 
temperatures.  Asphalts  A  and  C  have  the  same  consistency  at  25 °C  (77°F),  but  they  have 
a  different  high  temperature  consistency.  Asphalts  B  and  C  have  the  same  consistency  at 
60°C  (140°F)  but  a  different  consistency  at  other  temperatures.  Asphah  C  is  an  example 
of  a  highly  temperature  susceptible  asphalt  which  is  undesirable  because  of  its  high 
viscosity  at  lower  temperatures  and  a  low  viscosity  at  higher  temperatures.  Since  all  three 
of  these  asphalt  cements  share  the  same  grade,  they  might  be  expected  to  have  the  same 
behavior  during  placement  and  during  hot  and  cold  weather  conditions  [7]. 

As  shown  in  the  previous  example,  many  problems  observed  in  asphalt  pavements 
are  a  result  of  changes  in  consistency  of  an  asphalt  cement  over  a  range  of  temperatures. 
It  would  appear  that  temperature  susceptibility  would  be  a  good  parameter  to  characterize 
asphah  cements.  However,  the  rheological  behavior  of  an  asphalt  cement  under  a 
specified  loading  or  testing  condition  depends  on  the  temperature  and  time  of  loading. 
The  effect  of  temperature  on  the  rheological  response  of  asphah  binders  is  perhaps  better 
considered  in  terms  of  temperature  dependency  which,  as  illustrated  by  the  isochronal 


9 


hardA 


o 
u 

CO 

«  s 

.2 
sn  *- 

a  g 

OH 


soft 


-15 


penetration 
±  limits  @  25° 


viscosity 
±  limits  @  60  °C 


min.  high 
temp,  viscosit}^ 


A 
B 


25  60 

Temperature,  °C 


135 


Figure  2.2 


Temperature  Susceptibility  of  Three  Viscosity  or  Penetration 
Graded  Asphalt  Cements 


curves  shown  in  Figure  2.3,  varies  with  both  loading  time  and  temperature  [6].  Since 
these  two  parameters,  temperature  and  time  dependency  are  not  simple  linear  functions, 
the  temperature  susceptibility  of  an  asphalt  will  depend  on  the  testing  temperature  of  the 
material.  Moreover,  temperature  susceptibility  is  not  a  parameter  which  is  based  on  a 
single  variable,  but  it  depends  on  temperature  range,  time  of  measurement,  and  the 
physical  property  that  is  measured.  Therefore,  using  parameters  which  are  based  on 
measurements  at  specific  conditions,  such  as  PI,  PVN,  or  VTS  as  indicators  of 
temperature  susceptibility  can  not  characterize  fully  the  rheological  behavior  of  asphalt 
cements  [4,6]. 

2. 1 .3  Shear  Susceptibility  of  Asphalt  Binders 

At  high  temperatures,  asphalt  cements  behave  as  simple  Newtonian  fluids  where 
the  ratio  of  shear  stress  to  shear  rate  is  constant.  However,  at  low  temperatures  or  after 
aging,  most  asphalt  cements  exhibit  a  non-Newtonian  or  viscoelastic  flow.  For  a  non- 
Newtonian  fluid,  the  measured  viscosity  is  dependent  on  the  applied  shear  rate.  The  effect 
of  changes  in  shear  rate  on  the  measured  viscosity  is  referred  to  as  the  "shear 
susceptibility".  The  shear  susceptibility  of  an  asphalt  cement  is  determined  by  conducting 
viscosity  tests  at  different  shear  rates.  Roberts  et.  al.  [2]  stated  that  shear  susceptibility  is 
the  tangent  of  the  angle  of  log  shear  rate  (x-axis)  versus  log  viscosity  (y-axis)  plot,  or  the 
shear  susceptibility  is  the  slope  of  this  plotted  line. 

In  describing  the  appUcations  of  rheological  concepts  proposed  by  H.E.  Schweyer, 
Tia  and  Ruth  [7]  defined  shear  susceptibility  of  an  asphalt  cement  by  the  power  law 
function  using  shear  stress  (t)  and  shear  rate  (y )  as  follows: 
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Figure  2.3  Temperature  Dependency  of  Typical  Asphalt  Cement  at  Two  Loading  Times. 
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where; 

T    =  shear  stress 

r|,  =  viscosity  at  a  shear  rate  of  1  s"' 
Y  =  shear  rate 
c    =  shear  susceptibihty 
Shear  susceptibility,  c,  can  be  expressed  as: 

log  (t  )  -  log  (t  ) 

c  =   — 

log  (Y2)  -  log  (Yi) 

A  C-value  of  one  indicates  a  Newtonian  fluid.  Pseudoplastic  fluids  have  a  C-value  less 
than  1,  while  have  a  C-value  greater  than  1. 

The  power  law  equation  is  used  often  for  characterizing  the  flow  behavior  of  non- 
Newtonian  materials  subjected  to  simple  shear  stresses  with  certain  ranges  [9].  As  the 
shear  stress  or  shear  rate  changes  over  a  large  range,  the  C  value  may  also  change. 
Therefore,  C  may  not  a  constant,  but  its  value  may  be  shear-rate  dependent,  and  is  also 
dependent  upon  prior  aging  and  stress  history  of  the  asphalt  [8,9]. 

Kandhal  P.  S.  [2]  stated  that  the  aging  index  -  shear  susceptibility 
relationship  appears  to  determine  the  pavement  performance.  Control  of  gain  in  shear 
susceptibility  and  aging  index  seems  to  be  a  necessary  specification  requirement  for  paving 
asphalts.  But,  unfortunately,  power  law  examples  are  not  currently  being  used  in  the 
development  of  SHRP  binder  specifications.  Anderson  et.  al.  [4]  stated  that  such 
nonlinear  models  are  in  practice  very  complex  and  difficult  to  apply  and  therefore  are  not 
suitable  for  specification  purposes.  The  shear  susceptibility,  C,  may  be  usefial  in 


understanding  the  molecular  actions  which  occur  in  asphalt  cement  in  the  non-Newtonian 
response  region  [4]. 

2.1.4  Nomographs  for  Determining  Asphalt  Stiffness 

Various  nomographs  have  been  developed  by  different  researchers  for  determining 
the  stiffness  of  asphalt  cement  at  various  test  temperatures  and  loading  times.  Vander 
Poel  developed  the  first  nomograph  which  can  be  used  to  determine  the  stiffness  of  asphalt 
cement  at  any  temperature  and  at  any  rate  of  loading  if  the  sofling  point  (R&B)  and  the 
penetration  index  PI  (Pen/R&B)  of  the  asphalt  cement  are  known.  This  nomograph  was 
subsequently  updated  and  revised  by  Mcleod  to  accommodate  penetration  and  viscosity 
measurements  [11].  Although  these  nomographs  are  quick  and  easy  to  use,  they  have  the 
following  limitations  [2]: 

a.  The  scale  of  nomographs  requires  that  extreme  care  be  used  in 
interpolating  the  data  and  results.  A  dull  pencil  can  lead  to  appreciable 
errors. 

b.  Determining  stiffness  of  asphalt  cement  and  mix  by  a  series  of 

I  transformations,  starting  from  routine  test  data  on  the  asphalt  cement, 

appears  to  be  somewhat  "unscientific"  to  a  number  of  engineers. 
Despite  the  foregoing  limitations,  these  nomographs  provide  reasonable  estimates  of 
asphalt  stiffness  at  temperatures  above  room  temperature.  However,  the  estimates 
provided  by  these  nomographs  are  in  considerable  error  at  lower  temperatures  and  longer 
loading  times  [4]. 


2.1.5  Characterization  of  Asphalt  Aging  Potential 

A  decrease  in  penetration  and  increase  in  viscosity  are  the  direct  sign  of  aging  of 
an  asphalt  binder.  For  most  of  the  cracked  pavements,  the  recovered  asphalts  have  a 
penetration  value  of  less  than  20  [7].  McLeod  and  other  researchers  [12]  suggested  that 
when  the  viscosity  of  asphalt  exceeds  1  x  10'°  poises  at  the  lowest  service  temperature,  the 
pavement  will  undergo  thermal  cracking.  As  a  rough  prediction  of  thermal  cracking,  a 
limit  viscosity  of  2x10'°  poises  has  been  suggested  by  Davis  [13].  Additionally,  many 
researchers  have  used  aging  index  to  quantify  long-term  aging  that  occurs  in  service. 
Kandhal  P.  S.  [14]  stated  that  raveling  was  observed  on  the  test  pavements  when  this 
aging  index  exceeded  12.  Although  a  single-point  aging  index  can  effectively  describe  the 
increase  in  stiffness  when  the  response  is  essentially  viscous,  such  single-point  aging 
indices  will  not  always  accurately  reflect  changes  in  stifihess  at  low  temperatures,  where 
delay  elasticity  is  a  significant  portion  of  the  response.  That  means  that  a  single-point 
measurement  is  insufficient  to  characterize  the  rheological  changes  that  occurs  with  aging. 
This  is  illustrated  in  Figure  2  .4  [4],  which  shows  the  changes  of  the  master  curve  for  an 
asphalt  at  different  aging  conditions. 

2.2  SHRP  Pavement  Performance-based  Asphalt  Specification 

The  main  goal  of  the  SHRP  research  program  was  to  develop  pavement 
performance-based  specifications  for  asphalt  binders  and  mixtures.  These  specifications 
would  let  the  engineer  select  an  asphalt  binder  and  mixture  on  the  basis  of  the  required 
pavement  performance  level  under  the  present  and  predicted  traffic  and  environmental 
conditions  [15].  The  performance-based  specifications  were  to  be  established  on  a  set  of 
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Figure  2,4  Schematic  Illustration  of  Changes  in  Mastercurve  during  Aging. 
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validated  relationships  among  asphalt  binder  properties,  mixtures  properties  and  pavement 
performance  that  establish  acceptable  response  ranges  to  control  low  temperature 
cracking,  fatigue  cracking,  permanent  deformation  (rutting),  aging,  adhesion,  and  water 
sensitivity.  Accelerated  laboratory  tests  and  parameters  that  relate  to  field  performance 
are  used  in  the  specification  [6. 15].  The  procedures  and  properties  consider  the  three 
basic  modes  of  distress:  permanent  deformation  (rutting),  low  temperature  cracking,  and 
fatigue  cracking.  The  SHRP  proposed  asphah  binder  specification  as  shown  in  Table  2.2 
would  allow  the  engineer  to  match  materials  to  different  levels  of  pavement  service  and  to 
make  the  choice  of  asphalt  binder  to  resist  specific  distress  mechanisms  [15].  The  system 
was  to  be  based  upon  rational  performance  indices  established  for  both  low  temperature 
and  high  temperature  pavement  service.  Performance  grading  is  based  upon  the  properties 
of  the  asphalt  binder  aged  to  simulate  a  specific  pavement  service  life  (5  years).  Thus,  a 
precise  grade  may  be  selected  to  fit  the  need  to  control  low-temperature  cracking,  fatigue 
cracking  and  rutting,  or  any  combination  in  a  particular  construction  project  [4,6]. 
The  following  requirements  are  specified  in  the  SHRP  specification  [6]: 

a.  A  minimum  value  (1  KPa)  of  G*/sin6  measured  at  the  maximum  pavement 
temperature  ranging  fi-om  46  to  82°C  are  specified  to  control  tenderness 
and  rutting. 

b.  RTFOT  residue  should  have  a  minimum  value  (2.2  KPa)  ofG*/sin6 
measured  at  the  maximum  pavement  temperature  ranging  fi-om  46  to  82°C 
in  order  to  control  rutting. 

c.  PAV  residue  should  have  a  maximum  limit  value  (5000  KPa)  of  G*xsin6 


Table  2.1  Performance  Graded  Asphalt  Binder  Specification 
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measured  at  the  intermediate  pavement  temperature  ranging  from  4  to 
40°C  in  order  to  reduce  fatigue  failure, 
d.       To  minimize  thermal  cracking,  PAV  residue  should  have  a  maximum  value 
(SOOMPa)  of  stiffiiess  and  a  minimum  value  (0  .3)  of  m  (the  slope  of  the  log 
stiffness  versus  log  time  curve)  measured  at  the  minimum  pavement  design 
temperature  plus  10°C.  The  stiffness  requirements  can  be  relaxed  when 
enhanced  strain  to  failure  properties  can  be  demonstrated. 
A  flow  chart  [6,7]  for  testing  required  to  grade  an  asphalt  cement  in  according  to 
the  SHRP  PG  grading  system  is  shown  in  Figure  2.5.  The  specification  also  includes 
requirements  related  to  the  behavior  of  the  asphalt  binder  during  hot  mix  production  and 
pavement  construction.  A  minimum  flash  point  (230°C)  is  specified  for  safety 
consideration.  A  maximum  viscosity  value  (3Pa  s)  at  135°C  is  specified  for  all  grades  to 
assure  that  the  binder  is  sufficiently  fluid  for  hot  mix  production.  However,  it  is  unlikely 
that  any  binder  with  or  without  modifier  will  be  specified  which  can  as  a  complete  panacea 
for  inadequate  pavement  design  or  poor  construction  practice  [4]. 

The  SHRP  mixtures  specification,  which  is  a  complete  part  of  the  mixtures  design 
system,  includes  both  performance-based  and  performance-related  criteria.  Performance- 
based  properties  can  be  used  to  predict  the  response  of  an  asphalt  pavement  under  loads. 
However,  performance-related  properties  are  not  directly  related  to  pavement 
performance.  Many  empirical  properties  currently  in  common  use  are  performance-related 
properties  which  affect  performance  but  do  not  control  performance  [17].  The  SHRP 
specification  for  mixtures  is  a  three  tiered  mix  design  system  which  is  also  intended  to 
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Figure  2.5  Flow  Chart  for  Testing  Required  to  Grade  an  Asphalt  Cement  using  SHRP 
Binder  Specification 


address  the  three  basic  modes  of  distress  :  permanent  deformation  (rutting),  low 
temperature  cracking,  and  fatigue  cracking.  The  final  step  of  mix  design  is  field  mixture 
verification.  The  scope  of  the  SHRP  mix  design  procedure  is  broader  than  the  current 
mixture  design  methods,  in  that  the  SHRP  procedure  included  field  control  tests  as  a 
necessary  part  of  the  mix  design  [6, 17]. 

2.3  Master  Curves  for  Asp  hah  Binders  and  Mixtures 
Asphalt  and  asphalt  mixture  are  very  complex  both  in  their  chemistry  and  rheology. 
The  rheology  of  asphalt  binders  directly  affects  the  performance  and  distress  of  asphalt 
pavements.  Conventional  measurements  cannot  provide  information  on  how  an  asphah's 
rheology  changes  as  a  result  of  loading,  time,  and  temperature  over  its  entire  service  life. 
The  viscoelastic  behavior  of  an  asphalt  binder  or  mixture  can  be  characterized  by  dynamic 
rheometer  tests  over  a  sufficient  range  of  frequencies  and  temperatures.  By  varying  the 
fi-equency  of  the  input  strain  or  stress  in  a  dynamic  rheometer  test,  the  time-dependent 
viscoelastic  behavior  of  an  asphalt  binder  or  mixture  could  be  easily  measured.  The 
balance  between  the  viscous  and  the  elastic  response  of  an  asphalt  binder  or  mixture  could 
be  measured  as  a  function  of  fi-equency  or  temperature.  According  to  the  principle  of 
time-temperature  superposition,  the  data  obtained  fi-om  dynamic  testing  at  a  higher  or 
lower  temperature  can  be  equated  simply  and  graphically  with  the  data  obtained  at  a  lower 
or  higher  frequency,  respectively.  Conversely,  data  obtained  at  a  higher  or  lower 
fi-equency  can  be  transformed  into  the  data  at  a  lower  or  higher  temperature,  respectively 
[1].  A  standard  reference  temperature  must  be  selected  in  the  transformation  process. 
The  data  at  all  other  temperatures  are  then  shifted  with  respect  to  time  or  frequency,  until 


the  curves  merge  into  a  single,  smooth  function  known  as  the  master  curve  [18]. 
Figure  2  .6  shows  the  master  curves  of  the  dynamic  complex  modulus  and  phase  angle 
(obtained  from  dynamic  rheometer  test)  as  a  function  of  reduced  frequency  for  an  asphalt 
binder  and  an  asphalt  mixture  [18,19].  A  master  curve  for  a  typical  asphalt  binder  shows 
the  complex  modulus  approaches  a  limiting  value  of  about  1  GPa  at  very  high  frequency. 
Plots  of  complex  modulus  and  phase  angle  versus  frequency  for  asphalt  binder  show  that 
the  complex  modulus  increases  and  phase  angle  decreases  as  the  frequency  increases.  It 
means  that  at  the  high  frequency  (or  the  low  temperature)  asphalt  behaves  like  an  elastic 
material,  gradually  changes  to  a  viscoelastic  material,  and  continues  to  change  into  a 
viscous  material  as  the  frequency  decreases  (or  the  temperature  increases).  Mixture 
master  curves  show  the  complex  modulus  at  high  frequencies  generally  approaches  a 
limiting  value  which  has  a  trend  similar  to  the  binder  master  curves.  Therefore,  the 
thermal  cracking  behavior  of  a  mixture  could  be  explained  by  the  modulus  of  the  binder. 
The  modulus  of  the  mixture  decreases  as  the  frequency  decreases.  However,  unlike  the 
binder's  modulus  which  continues  to  drop  as  the  frequency  decreases,  the  mixture's 
modulus  reaches  a  limiting  value  as  the  frequency  decreases  to  a  low  level.  The  limiting 
modulus  of  the  mixture  at  high  temperature  is  due  to  the  aggregate  interlocking  action 
since  the  aggregates  themselves  do  not  creep.  Therefore,  the  behavior  of  the  mixtures  at 
high  temperature  will  not  be  only  dependent  upon  the  binder  rheological  properties  but 
also  upon  the  mix  design  itself  such  as  binder  content,  air  void  content,  aggregate  shape 
and  hardness,  and  compaction  [20]. 
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Figure  2.6     Binder  and  Mixture  Complex  Modulus  and  Phase  Angle  as  a  Function 
of  Frequency 
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2  .4  Overview  of  Rehabilitation  Design  of  Asphalt  Pavement  Systems  TREDAPS) 
The  RED  APS  computer  program  was  developed  to  provide  a  comprehensive 
mechanistic  method  for  the  analysis  and  rehabilitation  design  of  flexible  pavements.  It  is 
different  from  the  current  overlay  design  procedures  which  are  generally  based  on  fatigue 
failure  criteria.  The  REDAPS  program  was  formulated  according  to  the  critical  condition 
concept  proposed  by  Roque  and  Ruth  [21].  Failure  in  an  asphalt  pavement  occurs  at  the 
critical  condition  when  the  combination  of  thermal  condition  and  the  vehicular  loading 
effects  produce  stress,  strain,  or  energy  sufficient  to  break  the  asphalt  concrete.  Thermal 
and  load  stressing  conditions  are  major  factors  to  produce  pavement  cracking  [22]. 

The  REDAPS  program  consists  of  eleven  major  sub-programs.  They  are 
TRSLATOR,  SORT,  MEAPS,  CRACK3,  PLOTQ,  STRATEGY,  OVLR  and  0VLR2, 
PROJ,  PR0J2  and  BISAR.  The  flow  chart  of  the  REDAPS  program,  as  illustrated  in 
Figure  2.7,  identifies  the  key  elements  incorporated  into  this  analysis  and  design  system  for 
flexible  pavement  [23].  Pavement  evaluation  (Dynaflect)  data  can  be  input  into  the 
program  which  will  place  the  data  into  categories  (segments  of  pavement)  having  different 
pavement  response.  Typical  Dynaflect  deflection  basins  for  each  category  are  analyzed 
using  an  elastic  muhi-layer  subroutine  (BISAR  program)  to  determine  their  pavement 
layer  moduli.  Subsequently,  the  program  provides  two  pavement  evaluation  options  :  the 
simplified  analysis  and  the  detailed  analysis  [22]. 

The  simplified  analysis  (Path  A)  identifies  the  sequence  required  for  utilization  of 
NDT  (nondestructive  test)  data  to  separate  a  length  of  pavement  into  segments,  each 
having  similar  response  characteristics,  and  to  evaluate  these  segments  using  stress 
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Figure  2.7  Flow  Chart  of  the  RED  APS  Program 
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analysis.  Each  segment  is  analyzed  using  the  Mechanistic  Evaluation  of  Asphalt  Pavement 
System  (MEAPS)  to  a)  determine  layer  moduli  and  verify  deflections  using  an  elastic  layer 
program,  and  b)  evaluate  load-induced  stresses  at  the  typical  low  pavement  temperature 
[21].  The  stress  ratio  (SR)  of  the  maximum  load  stress  (tensile  positive)  to  the  maximum 
indirect  tensile  strength  of  the  asphalt  concrete  at  low  temperature  is  used  as  a  relative 
indicator  of  the  structural  adequacy  of  the  pavement.  For  example,  a  SR<0.30, 
0.30^SR<0.55,  and  SR>0.55  indicates  good,  questionable,  and  poor  structural  capacity, 
respectively,  for  the  state  of  Florida  [23]. 

When  the  SR  is  between  0.30  and  0.55,  it  is  necessary  to  perform  the  detailed 
(subroutine  Crack3)  analysis  (Path  B).  The  detailed  analysis  option  evaluates  the 
pavement  cracking  potential  under  combined  effects  of  thermal  and  vehicular  loadings 
under  the  specified  cooling  curves.  This  analysis  uses  three  failure  criteria  :  the 
accumulated  energy  ratio,  the  accumulated  stress  ratio  and  the  incremental  creep  strain  to 
evaluate  the  pavement  cracking  potential.  If  necessary,  the  life  of  the  existing  pavement 
can  be  estimated  (Path  C)  using  the  concept  that  age  hardening  produces  a  parallel  shift  in 
the  constant  power  viscosity-temperature  relationship  for  all  asphalt  binders  [24,25]. 

After  completion  of  the  structural  analysis,  the  user  may  proceed  to  conduct  a 
rehabilitation  design  using  either  the  simplified  (subroutine  OVLR)  or  detailed  (subroutine 
0VLR2)  design  procedures.  In  the  detailed  rehabilitation  design  procedure,  the  material 
properties  are  characterized  in  the  same  ways  as  used  in  the  simplified  design  procedures 
except  considering  the  age  hardening  of  asphalt  binders  [22]. 

At  the  present  condition,  the  new  or  aged  asphalt  viscosity  is  expressed  as 
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;  Log  11,00  (Pas)  =  Bo+  B,  X  Log  (temperature  in  °K) 

!  Based  on  the  parallel  shift  aging  principle,  the  constant  power  viscosity  after 

fiirther  age  hardening  at  a  fiiture  time  is 

I 

Log  Tiioo  (Pas)  =  DB  +  Bo  +  Bi  x  Log  (temperature  in  °K) 
where  DB  =  hardening  rate  ^Log  (design  life  in  days).  The  default  binder  hardening  rate 
is  0.70  unless  specified  by  the  user. 

The  detailed  design  procedure  is  based  on  the  applied  energy  ratio  criterion  or  the 
maximum  combined  stress  criterion  (whichever  is  greater)  to  measure  the  cracking 
potential  of  the  pavements  as  compared  with  the  vehicular-induced  stress  ratio  criterion 
used  in  the  simplified  design.  The  simplified  design  procedure  iterates  by  computing  stress 
ratios  for  different  thickness  of  overlay  or  recycled  pavement  to  achieve  a  design  thickness 
corresponding  to  a  stress  ratio  of  0.25,  whereas  the  detailed  procedure  determines  the 
required  thickness  by  achieving  an  applied  energy  or  combined  stress  ratio  of  0.95  for  a 
given  design  life  and  asphalt  material  under  the  default  24  kip  truck  load  (with  a  default 
^  repetitions  of  12  axles  per  hour)  and  a  selected  critical  cooling  condition  [23].  Moreover, 
the  simplified  design  procedure  is  developed  using  an  empirical  stress  criterion  which  is 
applicable  only  to  the  climatic  conditions  in  Florida.  The  detailed  design  procedure,  on  the 
other  hand,  considers  the  actual  cooling  condition,  binder  age  hardening  and  vehicular 
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loads  for  any  type  of  material  and  climatic  conditions. 


CHAPTER  3 

RESEARCH  PROGRAM  AND  INSTRUMENTATION 
3.1  Introduction 

One  of  the  major  objectives  of  this  study  is  to  determine  the  relationships  between 
the  results  of  the  SHRP  binder  tests  and  the  results  of  the  Schweyer  rheometer  test  and 
other  conventional  asphalt  tests  that  have  been  commonly  used  by  the  FDOT.  Asphalt 
cements  (conventional  and  modified)  were  aged  by  using  the  SHRP  accelerated  aging 
processes:  the  standard  Rolling  Thin  Film  Oven  Test  (RTFOT)  and  followed  by  the 
Pressure  Aging  Vessel  (PAV)  process.  The  effects  of  aging  conditions  will  be  obtained 
and  their  relationships  will  be  established.  Asphalt  mixtures  (made  of  three  different 
binders)  were  aged  according  to  the  SHRP  proposed  short  term  oven  aging  (STOA) 
procedure  and  long  term  oven  aging  (LTOA)  procedure,  and  the  binders  of  the  aged 
mixtures  were  recovered  fi-om  a  selected  number  of  the  broken  asphalt  mixture  samples. 
The  recovered  binders  will  be  evaluated  by  the  binder  tests.  The  test  data  of  binders  and 
mixtures  were  analyzed  to  establish  relationships  or  as  direct  input  for  the  Rehabilitation 
Evaluation  and  Design  of  Asphalt  Pavement  Systems  (RED APS).  This  chapter  describes 
the  detailed  research  program  and  instrumentation. 

i 
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3  .2  Laboratory  Testing  Program  Using  Conventional  Binder  Tests 
Figure  3.1  shows  the  testing  program  on  asphalt  binders  using  conventional  tests. 
Nine  different  asphalt  binders,  which  had  been  acquired  from  five  refinery  sources  for  use 
in  this  study,  were  subjected  to  the  standard  RTFOT  process  (which  simulates  the  age- 
hardening  of  the  asphalt  binder  due  to  the  hot-mixing  process  and  construction)  and 
followed  by  the  SHRP  PAV  process  at  100°  C  (which  simulates  the  additional  aging  of  the 
asphalt  binder  in  the  field).  The  nine  binders  and  their  abbreviations  used  in  this  study  are 
listed  in  Table  3.1.  The  following  tests  were  performed  on  the  original  unaged  binders, 
and  on  the  RTFOT  and  RTFOT+PAV  residues: 

(1)  Penetration  test  at  2S°C 

(2)  Absolute  viscosity  at  60°C 

(3)  Brookfield  viscosity  at  6(fC 

(4)  Fraass  breaking  point  test 

(5)  Schweyer  rheometer  tests  at  5,  15,  and  25''C 

Two  replicate  tests  were  performed  for  each  combination  of  conditions.  The 
following  section  describes  some  special  facilities  for  the  conventional  binder  tests  used  in 
this  study  including  a  Rolling  Thin  Film  Oven  (RTFOT),  a  Pressure  Aging  Vessel  (PAV), 
a  Cannon  Schweyer  rheometer,  a  Brookfield  rheometer  and  a  Fraass  breaking  point  tester. 
3  .2. 1  Rolling  Thin  Film  Oven  Test 

A  Rolling  Thin  Film  Oven  (RTFOT,  ASTM  D2872)  as  shown  in  Figure  3.2  was 
used  in  this  study.  The  bottle  carriage  assembly  rotates  at  a  rate  of  1 5  ±  0.2  RPM.  The 
air  flow  was  set  at  a  rate  of  4000  ±  200  ml/min.  The  RTFOT  bottles  with  35  g  samples 
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(1)  Pentration  test  at  25°C 

(2)  Absolute  Viscosity  at  60°C 

(3)  Brookfield  Viscosity  at  60°C 

(4)  Fraass  Breaking  Point  Test 

(5)  Schweyer  Rheometer  tests 
at  5, 15&25°C 


Figure  3  .1  Flow  Chart  of  the  Testing  Program  Using  Conventional  Binder  Tests 


Table  3.1  Asphalt  Binders  Used  in  This  Study 


Asphalt  Binder 

Abbreviation 

COASTAL  AC- 10 

CTIO 

COASTAL  AC-10  +  3%  SBR  (UP2879) 

C1S2 

COASTAL  AC-10  +  3%  SBR  (UP70) 

C1S7 

ERGON  PMAC-20 

PM20 

COASTAL  AC-30  +  10%  GTR 

C3GT 

COASTAL  AC-30 

CT30 

KOCH  AC-30 

KH30 

MARATHON  AC-30 

MT30 

MARIANI  AC-30 

MA30 

Fan 
Motor 


Thermometer 


Flowmeter 


.opper 
Tube 
Air  Line 


Bottle 


Figure  3-2      Rolling  Thin  Film  Oven 


32 

were  heated  at  the  temperature  of  163  °C  for  85  minutes.  After  the  process,  the  RTFOT- 
aged  residues  are  ready  to  pour  out  of  the  bottles. 

3.2.2  Pressure  Aging  Vessel 

The  SHRP  Pressure  Aging  Vessel  which  is  the  SHRP  Product  1003  was  used  in 
this  study.  Figure  3.3  shows  the  schematics  of  the  PAV  test  system  consisting  of  a 
pressure  vessel,  pressure  controlling  devices,  temperature  controlling  devices,  pressure 
and  temperature  measuring  devices,  and  a  temperature  readout  device.  The  system  was 
performed  following  SHRP  procedure  in  according  to  AASHTO  Designation  PPl  [26] 
and  under  a  pressure  of  300  psi  for  20  hours  at  a  temperature  of  100° C.  In  accordance  to 
the  SHRP  recommended  procedure,  it  was  decided  to  perform  the  PAV  test  on  RTFOT 
residues  (35  g  samples  transferred  directly  from  RTFOT  oven),  rather  than  on  TFOT 
residues. 

3.2.3  Cannon  Schwever  Constant  Stress  Rheometer 

A  Cannon  Schweyer  Constant  Stress  Rheometer  as  shown  in  Figure  3.4  and  3.5 
was  used  to  characterize  low  temperature  rheology  of  the  binders  in  this  study.  A  review 
on  the  theoretical  background  for  the  Schweyer  constant  stress  rheometer  and  the 
application  of  rheological  concepts  proposed  by  H.  E.  Schweyer  has  been  presented  in  a 
paper  by  Tia  and  Ruth  [  27  ].  The  rheometer  consists  of  a  gas-operated  pneumatic 
cylinder  which  applied  a  specified  force  to  the  plunger  in  the  sample  tube,  as  shown  in 
Figure  3  .5.  A  LVDT  measured  the  movement  of  the  plunger  and  the  output  voltage  was 
digitized  and  acquired  by  a  data  acquisition  and  analysis  system,  which  was  operated  on  an 
IBM  PC-compatible  computer.  The  sample  tube  is  inserted  into  an  insulated  aluminum 
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Figure  3-5      Schematic  of  Cannon  Schweyer  Rheometer 


36 

block  which  is  maintained  at  the  test  temperature  using  coolant  from  a  refrigeration  unit  in 
combination  with  an  electrical  wire  heater,  as  shown  in  Figure  3  .4. 

Based  on  the  assumption  of  a  steady-state  laminar  flow  of  a  power  law  fluid  in  a 
capillary  tube,  the  shear  stress  and  shear  rate  under  an  applied  pressure  can  be  calculated 
from  the  movement  of  the  plunger  and  dimensions  of  the  tube.  Tests  are  usually 
conducted  at  a  minimum  of  five  stress  levels.  The  shear  susceptibility  is  computed  and 
used  to  calculate  the  constant  power  viscosity  (Tij=,oo)  at  100  W/m^  This  is  the  viscosity 
when  the  shear  stress  times  the  shear  rate  equals  100  W/m^ 
3.2.4  Brookfield  Rheometer 

The  Brookfield  Rheometer  is  a  rotational  viscometer.  The  torque  required  to 
rotate  an  immersed  element  (the  spindle)  in  a  fluid  and  the  angular  velocity  of  the  spindle 
are  measured  and  used  to  compute  the  shear  stress  and  shear  rate,  respectively.  A  model 
HB  DV-3  with  thermoset  system  is  to  be  used  in  this  study. 

The  DV-3  model  is  designed  to  be  connected  to  a  personal  computer  to  form  a 
testing  system  as  shown  in  Figure  3.6.  Tests  were  performed  at  more  than  five  rotation 
speeds  (shear  rates).  A  power  law  equation  was  used  to  analyze  these  data  and  the 
viscosity  at  a  shear  rate  equal  to  1  sec"',  ili  (.was  selected  to  be  the  viscosity  to  be 
reported.  A  total  of  54  samples,  which  cover  different  types  of  modified  binders  and 
different  degrees  of  age  hardening,  were  tested  for  absolute  viscosity  and  Brookfield 
viscosity  at  60  °C.  It  can  be  observed  in  Figure  3.7  that  ti,  o  is  larger  than  the  absolute 
viscosity  obtained  from  a  capillary  tube  in  the  lower  viscosity  range  (<  1 0000  poises), 
while  the  reverse  is  true  in  the  high  viscosity  range  (>  10000  poises).  It  is  believed  that 
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Figure  3.7  The  Comparison  of  Brookfield  Viscosity  at  Shear  Rate  of  1  sec'  with 
1  Capillary  Tube  Viscosity  at  60°C 
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Ti,  0  can  be  used  in  place  of  the  absolute  viscosity  [11].  The  SHRP  specifications  require  a 
maximum  acceptable  viscosity  of  3  Pa-s  at  a  test  temperature  of  135°C(274°F). 
3.2.5  Fraass  Breaking  Point  Tester 

The  Fraass  breaking  point  test  is  one  of  the  few  standard  tests  which  can  be  used 
to  characterize  the  behavior  of  bitumens  at  very  low  temperatures  (as  low  as  -38°C).  In 
this  test,  a  film  of  asphalt  is  placed  on  a  thin  metal  plate,  and  then  is  flexed  it  at  increasing 
lower  temperatures  until  the  first  crack  is  observed  [28].  Figure  3.8  gives  a  general 
description  of  the  component  parts.  The  handle  of  the  apparatus  'C  is  turned  at  a  rate  of 
one  revolution  per  second  for  1 1  turns  and  then  unwound  at  the  same  rate  [29].  The 
controlled  temperature  of  the  plaque  is  lowered  steadily  at  a  rate  of  1  °C  per  minute  by 
adding  solid  carbon  dioxide  (dry  ice)  to  the  acetone  bath  (G  tube).  Comparison  of  the 
Fraass  temperature  to  the  theoretical  cracking  temperature  shows  that  the  Fraass  breaking 
point  is  usually  16-19°C  above  the  cracking  temperature.  This  is  due  to  the  much  higher 
strain  rate  which  is  applied  to  the  asphalt  in  Fraass  Breaking  Point  test  [28]. 

3.3  Laboratorv  Testing  Program  Using  SHRP  Binder  Tests 
3  .3  .1  Standard  SHRP  Binder  Tests  for  Performance  Grading 

I         There  are  two  forms  of  testing  associated  with  the  new  SHRP  binder  specification: 

conformance  testing  and  classification  testing.  The  conformance  testing  is  an  accept/reject 

I 

form  of  testing  where  the  properties  of  a  binder  sample  are  compared  to  the  required 
properties  for  a  single  grade.  However,  research  and  development  laboratories  usually 
perform  classification  testing.  In  classification  testing,  a  coordinated  series  of  tests  must 
be  performed  to  classify  an  unknown  material  according  to  the  proposed  SHRP  binder 
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Figure  3.8      Schematic  of  Fraass  Breaking  Point  Tester 
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specification.  The  classification  testing  was  employed  in  this  study  to  classify  performance 
grade  of  asphalt  binders  according  to  AASHTO  MP,  "Standard  Specification  for 
Performance  Graded  Asphalt  Binder,"  and  AASHTO  PP,  "Standard  Practice  for  Grading 
or  Verifying  the  Performance  Grade  of  an  Asphalt  Binder." 

A  flow  chart  illustrating  the  testing  program  to  grade  an  asphalt  cement  in 
according  to  the  SHRP  PG  grading  system  is  shown  in  Figure  2.5.  The  low-temperature 
measurements  are  made  at  the  minimum  pavement  design  temperature  plus  10°C.  The 
following  section  describes  some  special  facilities  for  the  SHRP  binder  tests  used  in  this 
study  including  a  dynamic  shear  rheometer,  a  bending  beam  rheometer  and  a  direct  tension 
tester. 

3.3.1.1  Dynamic  Shear  Rheometer 

Dynamic  shear  rheometers  (DSR)  are  used  to  measure  the  elastic  and  viscous 
properties  and  the  time  -  temperature  effects  of  asphalt  cements  at  intermediate  and  high 
temperatures.  A  Bohlin  Instruments  Dynamic  shear  rheometer  was  used  in  this  study  and 
is  illustrated  in  Figure  3.9.  It  is  applicable  to  asphalt  binders  having  dynamic  shear 
modulus  (G*)  values  in  the  range  from  100  Pa  to  100  MPa.  This  range  of  modulus  is 
typically  obtained  between  5°C  to  85°C.  It  is  intended  to  determine  the  linear  viscoelastic 
properties  of  asphalt  binders  as  required  for  specification  testing  and  is  not  intended  as  a 
comprehensive  procedure  for  the  fiill  characterization  of  the  viscoelastic  properties  of 
asphalt  binder  [30]. 

The  principle  of  a  dynamic  shear  rheometer  test  is  simple  (Figure  3. 10)  [3].  A 
sample  of  asphalt  cement  is  placed  between  a  fixed  plate  and  a  plate  which  oscillates 
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back  and  forth.  This  oscillation  movement,  from  point  A  to  point  B,  back  through  point  A 
to  point  C,  and  then  back  to  point  A,  comprises  one  cycle  of  the  dynamic  shear  rheometer. 
The  frequency  of  this  oscillation  is  simply  the  number  of  cycles  of  oscillation  per  unit  time. 
The  two  expressions  used  to  describe  the  frequency  of  oscillation  are  Hertz  (Hz)  and 
radians  per  second  (rad/sec).  All  SHRP  dynamic  shear  rheometer  tests  are  performed  at  a 
frequency  of  10  rad/sec  or  1.59  Hz  [30]. 
3.3. 1.2  Bending  Beam  Rheometer 

Since  asphalt  binders  at  low  temperatures  are  very  stiff,  SHRP  developed  a  new 
test  which  can  accurately  measure  the  low  temperature  properties  of  an  asphalt  binder. 
The  new  SHRP  test  which  is  the  bending  beam  rheometer  (BBR)  as  described  in 
AASHTO  TPl  [3 1],  is  a  device  which  measures  how  much  an  asphalt  binder  will  deflect 
or  creep  under  a  constant  load.  The  asphah  binder  is  tested  at  its  lowest  pavement  service 
j    temperature  when  the  asphalt  binder  behaves  like  an  elastic  solid.  The  principle  of 
operation  for  the  bending  beam  rheometer  is  shown  in  Figure  3  . 11  [3]. 

A  Carmon  Instruments  Bending  Beam  Rheometer  was  used  in  this  study  and  the 
schematic  of  the  BBR  is  shown  in  Figure  3. 11  [1].  It  is  applicable  to  material  having 

I 

flexural  creep  stiffiiess  value  from  30  MPa  to  1  GPa  and  can  be  used  within  the 
temperature  range  from  -40  to  25  °C  [30]. 

The  bending  beam  rheometer  test  loads  an  asphah  beam  for  four  minutes  with  a 
constant  load  and  measures  the  deflection  at  the  center  of  the  beam  continuously 
throughout  the  test.  From  the  continuous  deflection  data,  the  time  dependent  flexural 
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Figure  3.11   Schematic  of  the  Bending  Beam  Rheometer 


creep  stiffness,  "S(t)",  and  the  slope,  "m",  of  the  logarithm  of  stiffness  curve  versus  the 
logarithm  of  time  are  measured  and  calculated. 
3.3.1.3  Direct  Tension  Test 

Although  creep  stiffness  can  be  used  to  estimate  failure  properties  of  asphalt 
binders,  for  some  modified  asphalt  binders,  the  relationship  between  stiffness  and  failure 
strength  is  unknown.  Moreover,  the  parameter  creep  stiffness  as  measured  by  the  bending 

!    beam  rheometer  is  not  enough  to  characterize  the  ability  of  an  asphalt  binder  to  stretch 
before  breaking.  Some  asphalt  binders  can  have  a  high  creep  stiffhess  and  are  able  to 
stretch  far  before  failure  or  breaking.  Recently,  SHRP  researchers  devised  a  new  device 
to  measure  the  strength  and  the  ability  of  an  asphalt  binder  to  stretch  strain  before  failure 
at  low  temperatures.  This  device  is  called  the  direct  tension  test  (DTT),  which  is 
described  in  AASHTO  TP3  [32].  The  direct  tension  test  is  used  to  identify  the 
temperature  region  where  an  asphalt  binder  has  limited  ability  to  stretch  without  cracking  . 
In  the  new  SHRP  asphalt  binder  specifications,  a  minimum  allowable  strain  at  failure  of 

^   1 .0%  for  PAV+RTFOT  residues  is  required  at  a  specified  temperature  and  rate  of 
elongation.  In  SHRP  specification  testing,  the  elongation  rate  is  1.0  mm/min.,  and  the  test 
temperature  is  selected  according  to  the  performance  grade  of  asphalt  binder  being  tested. 

In  the  direct  tension  test,  an  asphalt  binder  specimen  is  loaded  at  a  slow  constant 
rate  until  failure.  The  failure  strain  is  calculated  fi-om  the  sample  elongation  at  failure  as 
follows: 
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J,  .,       ^  .  elongation 
failure  strain  =  

length  before  test 

The  failure  strain  gives  an  indication  of  the  brittleness  of  a  binder  at  low  temperatures 
[3]. 

3  .3  .2  Additional  Binder  Characterization  by  SHRP  Tests 

In  addition  to  specification  testing,  the  binders  used  in  this  study  are  also  to  be 
characterized  more  extensively  by  the  SHRP  tests.  A  flow  chart  illustrating  the  testing 
program  to  be  used  to  characterize  the  asphalt  binders  is  shown  in  Figure  3.12.  This 
testing  program  is  to  evaluate  nine  asphalt  binders  by  a  dynamic  shear  rheometer  (DSR),  a 
bending  beam  rheometer  (BBR)  and  a  direct  tension  tester  (DTT)  at  different  aging 
conditions.  Both  DSR  and  BBR  can  characterize  the  linear  viscoelastic  behavior  of 
asphalt  binders  by  using  the  time-temperature  superposition  method.  These  tests  are 
performed  at  convenient  temperatures  using  small  strains  within  the  linear  viscoelastic 
region.  The  response  of  an  asphalt  at  higher  fi-equency  is  similar  to  its  response  at  a  lower 
temperature  and  lower  fi-equency.  Conversely,  the  response  of  an  asphalt  at  lower 
fi-equency  is  similar  to  its  response  at  a  higher  temperature  and  higher  fi-equency.  This 
phenomenon  is  according  to  the  principle  of  superposition  [33]. 

In  the  DSR  test,  the  fi-equency  sweep  was  performed  fi-om  the  highest  fi-equency  to 
the  lowest  fi-equency  (30,  10,  2,  1.5,  1.0,  0.1,  and  O.OlHz),  beginning  with  the  lowest 
temperature  and  proceeding  to  the  warmer  temperatures.  The  testing  temperature 
includes  two  temperature  ranges.  One  is  the  maximum  pavement  design  temperature 
ranging  fi-om  52  to  76° C.  The  other  is  the  intermediate  pavement  design  temperature 
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Figure  3.12  Flow  Chart  of  Additional  SHRP  Binder  Tests  for  Characterization 
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ranging  from  3  to  34°C.  In  BBR  and  DTT  tests,  the  testing  temperature  is  at 
approximately  the  minimum  design  temperature  ranging  from  -12  to  -30°C. 

3  .4  Laboratory  Testing  Program  on  Asphalt  Mixture 
The  testing  program  on  asphah  mixtures  is  shown  in  Figure  3.13.  Three  different 
asphalts  (conventional  and  modified)  were  blended  with  an  aggregate  with  a  fixed 
gradation  and  at  a  fixed  asphalt  content  in  the  laboratory  to  produce  mixtures  complying 
with  the  Florida  DOT  S-I  mix  specification.  The  three  binders  used  were  (1)  Coastal  AC- 
30,  (2)  Coastal  AC-30  +  10%GTR,  and  (3)  Coastal  AC-10  +  3%UP2879SBR.  The 

I    control  specimens  were  those  made  of  unaged  mixtures  compacted  by  the  gyratory  testing 
machine  (GTM).  The  other  mixtures  were  subjected  to  the  SHRP  proposed  short  term 
oven  aging  (STOA)  and  long  term  oven  aging  (LTOA)  processes.  After  the  STOA  or 

j  LTOA  process,  all  mixtures  were  compacted  by  the  gyratory  testing  machine  at  initial  and 
ultimate  compactions,  18  and  200  revolutions  respectively,  to  reach  air  contents  of  6  to  7 

i 

and  3  to  4  percents.  Nine  replicate  samples  were  fabricated  and  tested  for  each  condition. 
In  addition,  for  each  type  of  mixture,  two  extra  samples  were  made  in  order  to  run  the 
Rice  specific  gravity  tests.  This  amounts  to  a  total  of  (9x3  x3  x2+2x3 x3=)  1 80  samples 
were  tested  in  this  study.  The  compacted  asphalt  mixture  samples  were  evaluated  by  the 
following  tests:  ;       •  /  • 

(1)  Diametral  resilient  modulus  and  indirect  tensile  creep  tests  at  temperatures 
ofO, -10and-20°C.  ' 

(2)  Indirect  tensile  strength  tests  at  a  temperature  of  - 1 0  °  C 
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Figure  3.13    Flow  Chart  of  Testing  Program  on  Asphalt  Mixtures 
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After  the  mixtures  were  evaluated  and  failed  by  the  indirect  tensile  strength  test  at  -10°C, 
asphalt  binders  were  extracted  and  recovered  by  means  of  the  reflux,  centrifuge  and 
rotavapor  methods,  which  are  presently  used  by  the  Florida  Department  of  Transportation. 
All  of  the  recovered  STOA  and  LTOA  residues  were  evaluated  by  (1)  Penetration  test  at 
25 °C,  (2)  Brookfield  viscosity  test  at  60°C,  (3)  Dynamic  Shear  Rheometer  (DSR)  test  at 
high  service  temperatures  from  52  to  70°C  on  STOA  residues  and  at  intermediate 
temperatures  from  13  to  3 1  °C  on  LTOA  residues,  (4)  Bending  Beam  Rheometer  (BBR) 
test  at  low  service  temperatures  of -10  and -24° C.  ?  •     .  .^^ 

3.4.1  GTM  Compaction  and  Tests  "        •  ^     ' .  - 

The  specimens  for  the  mixture  testing  program  were  compacted  in  the  Gyratory 
Testing  Machine  (GTM ).  The  three  asphalt  binders  were  blended  with  a  washed 
aggregate  with  a  controlled  gradation  and  at  a  fixed  asphah  content  (6.5%)  in  the 
laboratory  to  produce  mixtures  complying  with  the  Florida  DOT  S-I  (structural)  mix 
specifications.  The  aggregate  blend  was  obtained  by  blending  a  Florida  Mining  Materials 
#67  stone,  S 1-B,  screening,  a  Canal  Auth  sand,  and  a  mineral  filler.  Table  3.2  lists  the 
gradations  of  the  individual  aggregates  and  the  gradation  of  the  aggregate  blend  used. 
The  gradation  of  aggregate  blend  used  also  meets  the  SHRP  specifications  for  a  19.0  mm 
mixture,  which  are  also  listed  in  Table  3.2.  Marshall-size  (4  inches  in  diameter  and  2 
inches  in  height)  specimens  were  compacted  in  the  GTM  to  two  compaction  levels  which 
are  to  simulate  (1)  the  initial  field  compaction  and  (2)  the  condition  after  five  to  ten  years 
of  traffic  on  the  pavement.  Table  3.3  displays  the  machine  settings  used  for  simulation  of 
these  two  different  compaction  conditions.  The  initial  compaction  condition  was  achieved 
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Table  3.2  Gradation  of  Aggregates  and  Job  Mix  Formula  for  Asphalt  Mixture 


Aggregate 
Type 

#67 
stone 

S-IB 

Screening 

Sand 

Mineral 
Filler 

Bulk  Specific 
Cjravity  or 

Sieve  (Percentage  Passing) 

Aggregates 
Retained 

3/4" 

100 

100 

100 

100 

100 

1/2" 

72.2 

100 

100 

100 

100 

2.375 

3/8" 

25.0 

89.5 

100 

100 

100 

2.379 

#4 

4.7 

14.7 

97.3 

100 

100 

2.345 

#10 

1.0 

1.0 

61.2 

100 

100 

2.298 

#40 

0.5 

0.4 

16.0 

72.8 

100 

2.333 

#80 

0.4 

0.2 

2.3 

15.0 

99.1 

2.655 

#200 

0.0 

0.0 

0.0 

0.0 

85.8 

2.784 

Sieve 
(%passing) 


3/4" 
1/2" 
3/8" 
#4 
#10 
#40 
#80 
#200 


S-I  Mixture 
Specification 


100 
88-100 
75-93 
47-75 
31-53 
19-35 
7-21 

2-6 


Job  Mix 
Formula 


100 
94 
84 
57 
42 
22 
8 
4 


Sieve 
(%passing) 


1" 
3/4" 
#8 
#16 
#30 
#50 
#200 


SHRP 
Specification  for 
19.0  mm  Mixture 


100 
90-100 
23-49  (34.6)* 
(22.3-20.7)* 
(16.7-20.7)* 
(13.7)* 
2-8 


Job  Mix 
Formula 


100 
100 
44.3 
34.5 
25.7 
11.9 
4.0 


Note:  (  )*  means  restricted  zone  which  is  outside  of  the  specification  limits. 


Table  3.3  GTM  Settings  Used  for  Simulation  of  Initial  Compaction  and  Densification 


Tpstinp  rnnHitinn 

Initial  Comnartinn 

Densifirsitinn 

Gyratory  Angle  (°) 

3 

3 

Ram  Pressure  (psi) 

100 

100 

Air  Roller  Pressure  (psi) 

9 

9 

Revnliitinniii 

18 

7.00 

by  applying  18  GTM  revolutions  to  the  samples  at  275  -  300°F.  After  initial  compaction, 
specimens  were  cooled  in  the  molds  to  room  temperature  for  at  least  6  hours,  then 
reheated  to  140°F  for  the  ultimate  compaction.  The  ultimate  compaction  condition  was 
achieved  by  applying  200  GTM  revolutions  to  the  samples  at  140°F.  Specimens  heights 
and  air  roller  pressures  were  read  at  specified  intervals  during  the  GTM  compaction 
process,  and  these  data  were  used  to  compute  the  gyratory  shear,  bulk  density,  %Air 
Voids,  %VMA  and  %MTD  of  the  mixtures  at  these  different  compaction  levels.  These 
properties  of  the  mixtures  at  various  compactive  levels  as  they  were  compacted  to  the 
initial  and  uhimate  compaction  conditions  are  listed  in  Table  A.  9  in  the  Appendix. 
3  .4.2  Diametral  Resilient  Modulus  Test 

Diametral  resilient  modulus  test  was  run  using  the  test  set-up  for  the  SHRP 
Indirect  Tensile  Test  at  Low  Temperatures  (ITLT),  which  is  illustrated  in  Figure  3.14. 
The  resilient  modulus  is  defined  as  the  ratio  of  the  applied  stress  to  the  recoverable  strain 
when  a  repeated  dynamic  load  is  applied.  The  resilient  modulus  test  is  run  in  a  load- 
control  mode  and  involves  applying  a  repeated  haversine  waveform  load  to  the  specimen 
for  a  period  (0. 1  second).  The  load  was  selected  to  keep  horizontal  strains  in  the  linear 
viscoelastic  range  (typically  below  a  horizontal  strain  of  350  microstrains)  during  the 
resilient  modulus  test  and  is  applied  vertically  in  the  vertical  diametral  plane  of  a 
cylindrical  specimen  of  asphalt  mixture.  Poisson's  ratio,  which  is  essential  for  accurate 
determination  of  resilient  modulus  in  this  method,  is  determined  using  the  measured 
horizontal  and  vertical  deformations.  Resilient  modulus  can  be  determined  using  this 
Poisson's  ratio  along  with  repeated  load,  specimen  dimensions,  and  the  time-dependent 
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horizontal  deflection,  using  equations  which  were  developed  based  upon  three- 
dimensional  finite  element  analysis  by  Roque  and  Buttlar  [34-36].  The  procedure  for 
resilient  modulus  test  consists  of  the  following  steps: 

1)  The  test  specimens  were  cut  parallel  and  close  to  the  top  and  bottom  faces  using  a 
water-cooled  masonry  saw  to  produce  smooth  and  parallel  faces.  Four  brass  gage 
points  (5/16-inch  diameter  by  1/8-inch  thick)  were  affixed  with  epoxy  to  each 
specimen  face.  Specimens  were  stored  in  a  cabinet  at  a  constant  relative  humidity 
of  60  percent  for  3  days  prior  to  testing  to  ensure  uniform  moisture  conditions. 
Specimens  were  cooled  at  least  3  hours  before  the  test. 

2)  LVDTs  are  mounted  and  centered  on  the  specimen.  Horizontal  and  vertical 
deflections  were  measured  on  each  side  of  the  specimen  using  linear  voltage 
differential  transducers  (LVDT)  mounted  to  the  gage  points.  The  mounting 
apparatus  and  LVDT  are  showed  in  Figure  3.15.  The  required  range  and 
resolution  of  measurements  were  ±0.1 -inch  and  ilOxlO"^  inch,  respectively. 

3)  The  test  specimen  is  placed  into  load  frame.  A  seating  load  of  10  to  30  pounds 
was  applied  to  the  test  specimens  to  ensure  that  proper  contact  of  the  upper 
loading  head  was  achieved  before  test  loads  were  applied. 

4)  The  specimen  is  then  loaded  by  applying  a  repeated  haversine  waveform  load  to 
obtain  horizontal  strains  between  150  and  350  microstrains  during  a  5  second 
resilient  modulus  test.  If  the  horizontal  strains  are  higher  than  350  microstrains, 
the  load  is  immediately  removed  fi-om  specimen.  Specimens  should  be  allowed  to 
recover  for  a  minimum  of  3  minutes  before  reloading  at  a  different  level. 
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Figure  3.15 


Mounting  and  centering  LVDT'S  for  Indirect  Tensile  Test 
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5)       When  the  applied  load  is  determined,  the  computer  software  (data  acquisition 
program)  will  begin  recording  test  data.  The  specimen  is  cycled  (loaded  and 
unloaded)  five  times  at  the  load.  Data  aquisition  system  samples  at  150  Hz. 
In  order  to  reduce  the  variability  of  the  determined  Poisson's  ratio  and  resilient 

modulus,  3  replicate  samples  are  used  to  generate  one  value  of  Poisson's  ratio  and  one 

value  of  resilient  modulus.  The  resilient  modulus  and  Poisson's  ratio  are  calculated  by  the 

following  steps: 

1)  The  average  thickness,  diameter  and  maximum  load  for  each  set  of  3  samples  are 
computed. 

2)  Find  the  instantaneous  and  total  recoverable  horizontal  and  vertical  deformations 
(aH,,  aHt,  aV,  and  aVj).  Interpretation  of  the  data  (aHj,  aHj,  aVj  and  aV-j-)  is 
shown  in  Figure  3.16. 

3)  Compute  normalized  instantaneous  and  total  recoverable  horizontal  and  vertical 
deformations  (aH,(norm),  aHt(korm),  ^^i(nosm)  and  AV-r(NORM))  for  each  of  the  6 
specimen  faces  (3  specimens,  2  faces  per  specimen). 

^^mosM)  =       X  Cnorm;  '^Vt(norm)  =  ^V-i-  X  Cnorm; 


t.  D.  p. 

C  =  111 

NORM 


top 

avg      avg  avg 


where. 


^Hi(NORM)  -  normalized  instantaneous  recoverable  horizontal  deformation 
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 > 

TIME 


A 


TIME 

Note: 

aH,  =  Instantaneous  recoverable  horizontal  deformation 

aHj  =  Total  recoverable  horizontal  deformation 
j  aVj  =  Instantaneous  recoverable  vertical  deformation 

!  aVt  =  Total  recoverable  vertical  deformation 

i 

Figure  3.16    Typical  Load,  Deformation  versus  Time  Relationships  in  a  Repeated-Load 
Indirect  Tension  Test 


aHt(norm)  ^  normalized  total  recoverable  horizontal  deformation 
aVknorm)  ^  normalized  instantaneous  recoverable  vertical  deformation 
aVt(norm)  ^  normalized  total  recoverable  vertical  deformation 
Cnorm  ^  normalized  factor 

tj,  Dj,  Pj  =  thickness,  diameter,  and  maximum  load  of  specimen  i 
(i-1  to  3) 

tavg>  D,vg,  Pavg  ^  average  thickness,  diameter,  and  maximum  load  of 
three  replicate  specimens 

Obtain  the  trimmed  mean  of  the  normalized  instantaneous  and  total  recoverable 

horizontal  and  vertical  deformations  by  numerically  ranking  the  6  aHi(norm)> 

-^^HTfNORM).  ^V,(NORM)  and  aVx(norm)  values  and  averaging  the  4  middle  values. 

Thus,  the  highest  and  lowest  values  of  the  normalized  instantaneous  and  total 

recoverable  horizontal  and  vertical  deformations  are  not  included  in  the  trimmed 


Obtain  the  ratio  of  horizontal  to  vertical  deformations,  XAf,  which  is  equal  to  the 
ratio  of  trimmed  mean  of  the  normalized  horizontal  to  vertical  deformations. 
Compute  resilient  moduli  and  Poisson's  ratio  by  the  following  equations: 


mean. 


P 


GL 


avg 


t 


avg     avg  cmpj 


P 


GL 


T 


avg 


trimmean 


t 


avg 


D 


avg 


c 


cmpl 


V,  =  -0.10  +  1.480x(X/Y),^  -  0.778x(t3^.^^x(XA0,^ 
Vt  =  -0. 10  +  1.480x(X/Y)t'  -  0.778x(t,^,^2^(xrf)^2 
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where, 

MR[  =  instantaneous  resilient  modulus,  GPa 

MRt  =  total  resilient  modulus,  GPa 

V,  =  instantaneous  resilient  Poisson's  ratio 

Vj  -  total  resilient  Poisson's  ratio 

GL  =  gage  length,  inch 

AH,,ri^ej„,  =  trimmed  mean  of  the  instantaneous  horizontal  deformation 
aHj  ttimmean  ~  trimmed  mean  of  the  total  horizontal  deformation 
(XA")!  =  ratio  of  the  instantaneous  horizontal  to  vertical  deformations 
(XA^)t  =  ratio  of  the  total  horizontal  to  vertical  deformations 
C,„p,  =  0.6354x(XA^)->- 0.332 

A  computer  program,  which  was  written  by  R.  Roque  and  X.  Wang,  was  used  to 
analyze  these  load  and  deflection  data  obtained  by  the  data  acquisition  program  to 
determine  the  instantaneous  and  total  resilient  moduli  and  Poisson's  ratio.  The 
instantaneous  and  total  resilient  moduli  and  Poisson's  ratio  obtained  were  tabulated  in 
Table  B.  1  in  the  Appendix. 
3  .4.3  Indirect  Tensile  Creep  Test 

The  SHRP  Indirect  Tensile  Test  at  Low  Temperatures  (ITLT)  was  used  to 
measure  the  creep  properties  of  the  mixtures.  The  test  set-up  is  illustrated  in  Figure  3  .14. 
The  creep  test  is  run  in  a  load-control  mode  and  involves  applying  a  static  load  very 
quickly  and  then  holding  it  constant  throughout  the  duration  of  the  test.  The  horizontal 
and  vertical  deformations  measured  near  the  center  of  the  specimen  are  used  to  calculate  a 
tensile  creep  compliance  as  a  function  of  time.  The  load  was  selected  to  keep  horizontal 
strains  in  the  linear  viscoelastic  range  (typically  below  a  horizontal  strain  of  500 
microstrains)  during  the  creep  test.  Poisson's  ratio,  which  is  essential  for  accurate 
determination  of  creep  compliance  in  this  method,  is  determined  using  the  measured 
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horizontal  and  vertical  deformations.  The  development  and  evaluation  of  this  test  method 
and  specific  test  procedures  were  presented  in  detail  by  Buttlar  and  Roque  [35],  and  in  the 
AASHTO  Provisional  Standard  TP9  [37].  The  procedure  for  tensile  creep  test  consists  of 
the  following  steps: 

1)  The  preparation  of  test  specimens  are  same  as  that  for  resilient  modulus  test  as 
described  in  section  3.4.2. 

2)  The  mounting  and  centering  LVDT  of  test  specimens  are  same  as  that  for  resilient 
modulus  test. 

3)  The  test  specimen  is  placed  into  load  fi-ame.  A  seating  load  of  10  to  30  pounds 
was  applied  to  the  test  specimens  to  ensure  that  proper  contact  of  the  upper 
loading  head  was  achieved  before  test  loads  were  applied. 

4)  A  test  specimen  under  an  applied  creep  load  should  have  horizontal  strains 
between  40  and  120  microstrains  at  t=  30  seconds  for  a  1000-second  creep  test.  If 
the  horizontal  strains  are  lower  than  40  or  higher  than  120  microstrains  at  t=  30 
seconds,  the  load  is  immediately  removed  fi-om  specimen.  Specimens  should  be 
allowed  to  recover  for  a  minimum  of  3  minutes  before  reloading  at  a  different 
level. 

5)  When  the  applied  load  is  determined,  the  four  displacements  and  the  creep  load 

I        were  recorded  in  three  stages.  They  are  recorded  at  a  rate  of  1 0  Hz  for  the  first 

! 

i        10  seconds,  at  1  Hz  for  the  next  290  seconds,  and  at  0.2  Hz  for  the  remaining  700 
I        seconds  of  the  creep  test. 
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In  order  to  reduce  the  variability  of  the  determined  Poisson's  ratio  and  creep 
compliance,  3  replicate  samples  are  used  to  generate  one  value  of  Poisson's  ratio  and  one 
value  of  creep  compliance.  The  creep  compliance  and  Poisson's  ratio  are  calculated  by 
the  following  steps: 

1)  The  average  thickness,  diameter  and  maximum  load  for  each  set  of  3  samples  are 
computed. 

2)  Compute  normalized  horizontal  and  vertical  deformations  (aHj^orm).  and  aV(norm)) 
for  each  of  the  6  specimen  faces  (3  specimens,  2  faces  per  specimen). 


t.    D.  P. 

C  =  ^       ^  ^ 

NORM 


top 

avg     avg  avg 


where, 

^H(NORM)  =  normalized  horizontal  deformation 
^^(NORM)  ^  normalized  vertical  deformation 
Cnorm  =  normalized  factor 

tj,  Dj,  Pj  =  thickness,  diameter,  and  maximum  load  of  specimen  i 
(i=l  to  3) 

tavg>  D,^,  P,^  =  average  thickness,  diameter,  and  maximum  load  of 
three  replicate  specimens 

3)  Obtain  the  average  normalized  horizontal  and  vertical  deformations,  aH,^  and 
aV,^  ,  at  halfway  (500  sec)  creep  loading  period  for  each  of  the  6  specimen  faces. 

4)  Obtain  the  trimmed  mean  of  the  average  normalized  horizontal  and  vertical 
deformations  by  numerically  ranking  the  6  aH,^  and  aV,^  values  and  averaging  the 
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4  middle  values.  Thus,  the  highest  and  lowest  values  of  the  average  normalized 
horizontal  and  vertical  deformations  are  not  included  in  the  trimmed  mean. 

5)  Obtain  the  ratio  of  horizontal  to  vertical  deformations,  XA",  which  is  equal  to  the 
ratio  of  trimmed  mean  of  the  average  normalized  horizontal  to  vertical 
deformations. 

6)  compute  creep  compliance  and  Poisson's  ratio  by  the  following  equations: 


aH      t      D      C  , 
P  GL 

avg 


V  =  -0. 10  +  1.480x(XA^)^  -  0.778x(t,^,J^x(XA02 

where, 

D(t)  =  creep  compliance  at  time  t,  1/psi 

V  =  resilient  Poisson's  ratio 
GL  =  gage  length,  inch 

aHj^  =  trimmed  mean  of  the  average  normalized  horizontal  deformation 
(XA^)  =  ratio  of  the  average  normalized  horizontal  to  vertical  deformations 
C,^,  =  0.6354x(XA^)-'  -  0.332 

1         A  computer  program,  which  was  written  by  R.  Roque  and  W.  Buttlar,  was  used  to 

analyze  these  load  and  deflection  data  obtained  by  the  data  acquisition  program  to 

calculate  creep  compliance  and  Poisson's  ratio.  The  creep  compliance  and  Poisson's  ratio 

obtained  were  tabulated  in  Table  B.2  in  the  Appendix. 

3  .4.4  Indirect  Tensile  Strength  Test 

The  indirect  tensile  strength  is  the  maximum  tensile  stress  that  a  specimen  can 

tolerate  before  fracture.  This  mix  property  is  useful  for  predicting  thermal  cracking 
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potential  and  characterizing  the  resistance  to  failure  of  asphalt  concrete  caused  by  tensile 
stresses.  The  tensile  strength  test  was  set  up  immediately  after  accomplishing  the  tensile 
creep  test  by  changing  load-control  mode  to  displacement-control  mode.  The  ramp 
movement  to  the  specimen  at  a  rate  of  0.5-inch  per  minute  for  4-inch-diameter  specimens 
was  used  in  this  study.  Data  were  collected  at  a  rate  of  20  Hz  for  the  duration  of  the  test. 
Both  the  horizontal  and  vertical  deformations  as  well  as  the  applied  load  can  be  recorded 
during  the  test.  The  maximum  tensile  strength  then  can  be  calculated  as: 

2  P  (C  ) 

S    =  sx' 

'         n  b  D 

where. 


C„  =  0.948  -  0.01 1 14*(b/D)  -  0.2693*(v)  +  1.436*(b/D)(v) 

S,  =  maximum  indirect  tensile  strength,  psi 

P  =  failure  load  at  first  crack,  Ibf 

b  =  specimen  thickness,  inches  •   *  *  '  * 

D  =  specimen  diameter,  inches 

v  =  Poisson's  ratio  "   •.  H 


The  test  procedure  for  determining  the  indirect  tensile  strength  of  the  mixture  is 
described  in  the  AASHTO  Provisional  Standard  TP9  [37]. 
3.4.5  Asphah  Extraction  and  Recovery  Methods 

After  the  mixtures  were  evaluated  and  failed  by  the  indirect  tensile  strength  test  at 
-10°C,  asphalt  binders  were  extracted  and  recovered  by  means  of  the  reflux,  centrifuge 
and  rotavapor  methods,  which  are  presently  used  by  the  Florida  Department  of 
Transportation.  The  extraction  method  used  is  the  reflux  method  (ASTM  D2172  Method 
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B  [38]).  The  extracted  solutions  were  centrifiiged  at  a  force  of  higher  than  770  times 
gravity  for  at  least  30  minutes  accordance  to  ASTM  Dl  856  [39]  to  eliminate  mineral 
matter.  The  recovery  apparatus  used  is  the  Buchi  Rotavapor  and  the  recovery  method 
used  is  according  to  the  "Standard  Test  Method  for  Recovery  of  Asphalt  from  Solution 
Using  the  Rotavapor  Apparatus,  Draft  9"  [40].  The  solvent  used  in  this  study  is 
trichloroethylene  which  is  used  in  the  routine  reflux/ Abson  procedure  of  FDOT. 


CHAPTER  4 

RESULTS  OF  CONVENTIONAL  AND  SHRP  BINDER  TESTS 


4. 1  Results  of  Conventional  Binder  Tests 
The  results  of  penetration  tests  at  25  °C,  absolute  viscosity  and  Brookfield 
,  viscosity  tests  at  60  °C,  Fraass  breaking  point  tests,  and  Schweyer  rheometer  tests  at  5,  15 
and  25°C  on  the  binders  before  and  after  the  RTFOT  and  PAV  processes,  are  listed  in 
Appendices  Table  A.  1  through  Table  A.  5,  respectively.  These  results  were  analyzed  by 
using  the  statistical  model  as  described  in  the  following  section.  The  percent  retained 
penetration,  the  Fraass  breaking  point  temperature,  and  the  logarithm  of  aging  indices  at 
four  different  temperatures  and  three  different  tests  were  used  as  the  response  variables. 
Different  evaluation  parameters  were  analyzed  separately.  The  weight  of  the  samples 
were  measured  before  and  after  the  RTFOT  and  PAV+RTFOT  aging  processes  and  the 
data  are  included  in  this  section. 
4.1.1  Statistical  Model 

Statistical  analysis  using  the  ANOVA  model  was  used  to  determine  whether  the 
effect  of  main  factors  and  interactions  of  factors  are  significant.  The  effects  of  asphah 
type  and  aging  process  were  studied  by  means  of  this  method.  The  test  resuhs  fi-om  the 
binder  tests  were  analyzed  on  the  basis  of  a  factorial  experiment  that  included  nine  types 
of  asphalt  and  two  types  of  aging  process.  Asphalt  (a)  and  aging  process  (p)  are  regarded 
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as  fixed  effects.  The  following  linear  model  is  assumed  for  any  single  response  variable  in 
the  experiment : 

Y^=H  +  a,  +  pj  +  (aP)ij  +  eij, 

where 

Yjjk  =    the  response  of  k*  replicate,  j*  aging  process,  and  i*  asphalt 

\i-      the  overall  mean 

«;=     the  main  effect  of  i*  asphalt  type 

Pj=     the  main  effect  of  j*  aging  process 

aPij=  the  interaction  effect 

ej^=    the  experimental  error 

i=       1  to  9  for  nine  asphalts 

j=       1  to  3  for  three  aging  processes 

k=      1  to  2  for  two  replicates 
SAS/STAT  computer  program  was  use  to  perform  the  analysis.  A  probability  of 
Type  I  error  (a)  of  0.05  was  used.  Comparison  of  means  was  done  by  Duncan's  multiple- 
range  test  at  an  a  level  of  0.05.  However,  some  test  data  did  not  meet  the  assumption  of 
homogeneity  of  variance  as  assumed  by  the  ANOVA  model,  and  the  data  had  to  be 
transformed  to  meet  the  requirement  of  homogeneity  of  variance.  The  usual  approach  for 
dealing  with  that  kind  of  nonconstant  variance  is  to  apply  a  variance-stabilizing 
transformation  and  then  to  run  the  analysis  of  variance  on  the  transformed  data.  If  the 
data  follows  the  log-normal  distribution,  then  the  logarithmic  transformation  is  appropriate 
[41].  A  logarithmic  transformation  was  applied  to  the  absolute  viscosity  and  Brookfield 


viscosity  and  the  homogeneity  of  variance  was  improved  through  the  logarithmic 
transformation  of  data. 

4.1.2  Weight  Change 

The  SHRP  Pressure  Aging  Vessel  (PAV)  was  performed  on  9  binders  (5  original 
and  4  modified  asphalts).  The  weight  changes  of  the  samples  during  the  RTFOT  process 
and  the  subsequent  PAV  process  were  measured.  The  results  are  displayed  in  Table  A. 6 
and  Figure  4.1.  It  can  be  seen  that  all  the  samples  experienced  weight  loss  (possibly  due 
to  the  loss  of  volatile)  during  the  RTFOT  process.  However,  they  were  all  less  than  the 
maximum  limit  of  1%.  It  can  also  be  noted  that  all  the  samples  experienced  weight  gain 
(possibly  due  to  oxidation)  during  the  PAV  process.  The  total  weight  changes  are 
negative  for  four  binders  and  positive  for  the  other  five  binders. 

4.1.3  Penetration 

Table  A.  1  shows  the  results  of  the  penetration  test  at  25  °C  of  the  binders  before 
and  after  the  RTFOT  and  PAV  processes.  Percent  retained  penetration,  which  is  the  ratio 
of  the  penetration  of  the  aged  residue  to  that  of  the  unaged  binder,  was  computed  for  the 
different  binders.  Figure  4  .2  shows  the  graphical  display  of  the  average  percent  retained 
penetration  of  the  different  binders  after  the  RTFOT  and  PAV  processes.  It  can  be  seen 
that  the  C3GT  (AC-30  +  10%  GTR)  binder  has  the  lowest  aging  potential  by  having  the 
highest  percent  retained  penetration  after  the  RTFOT  and  PAV  processes. 

The  results  of  ANOVA  on  the  percent  retained  penetration,  which  are  displayed  in 
Table  4. 1,  show  that  the  nine  asphalts  have  different  degrees  of  effects  on  age-hardening 
processes  and  there  is  significant  interaction  effect  between  asphalt  types  and  aging 
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CT10      C1S2      C1S7      PM20      C3GT      CT30      KH30      MT30  MA30 

Asphalt  Type 


Note:  CTIO  -  Coastal  AC-10. 

C 1 S2  -  Coastal  AC- 1 0+3%SBR2879. 

C1S7 -Coastal  AC- 10+3%SBR70. 

PM20  -  Ergon  PMAC-20. 

C3GT  -  Coastal  AC-30+10%GTR. 

CT30  -  Coastal  AC-30. 

KH30  -  Koch  AC-30. 
;  MT30  -  Marathon  AC-30. 

<■  MA30  -  Mariani  AC-30. 

Figure  4.1      Weight  Change  of  Nine  Asphalts  After  RTFOT  and  PAV  aging  Processes 
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CTIO     CIS2     CIS?     PM20     C3GT     CT30     KH30     MT30  MA30 

Asphalt  Type 

•   ■  -  ?  ■ 


Note:  CTIO -Coastal  AC- 10. 

C1S2  -  Coastal  AC-10+3%SBR2879. 

C1S7  -  Coastal  AC-10+3%SBR70. 

PM20  -  Ergon  PMAC-20. 

C3GT  -  Coastal  AC-30+10%GTR. 

CT30  -  Coastal  AC-30. 

KH30  -  Koch  AC-30. 

MT30  -  Marathon  AC-30. 

MA30  -  Mariani  AC-30. 


Figure  4.2 


Percent  Retained  Penetration  of  Nine  Asphalts  Aged  by  the  RTFOT  and 
PAV 


Table  4.1  Results  of  ANOVA  and  Duncan's  Grouping  on  the  Percent  Retained 
Penetration  in  the  comparison  of  RTFOT  and  PAV  on  Asphah  binders 


Dependent  Variable.  %  retained  penetration  [  Model  =  ^  +    +  Pj  +  (aP)ij  +  e. 

Source  DF  ANOVA  SS  Mean  Square  F  Value  Pr>F 

ASPHALT,  a  8    927.165677         115.895710  59.79  0.0001 

METHOD,  P  1     5811.807262      5811.807262  2998.16  0.0001 

INTERACTION,  oP    8    247.148552        30.893569  15.94  0.0001 
R-Square=  0.995305 

Duncan  Grouping  at  METHOD=RTFOT 


Mean 

N 

ASPHALT* 

A 

81.541 

2 

C3GT 

B 

66.601 

2 

MA30 

B 

c 

B 

65.789 

2 

C1S7 

c 

B 

c 

B 

64.837 

2 

MT30 

c 

c 

D 

62.823 

2 

KH30 

D 

E 

D 

59.921 

2 

C1S2 

E 

E 

59.098 

2 

PM20 

E 

E 

58.540 

2 

CT30 

E 

E 

57.104 

2 

CTIO 

Duncan  Grouping  at  METHOD=  PAV+RTFOT 


Mean 

N 

ASPHALT* 

A 

43.041 

2 

C3GT 

A 

A 

42.000 

1 

MA30 

A 

B 

A 

40.856 

2 

MT30 

B 

A 

B 

A 

C 

39.817 

2 

KH30 

B 

C 

B 

D 

C 

37.487 

2 

PM20 

D 

C 

D 

C 

36.991 

2 

CT30 

D 

D 

34.782 

2 

C1S7 

D 

D 

34.639 

2 

CTIO 

D 

D 

34.011 

2 

C1S2 

Note:  Means  with  the  same  letter  are  not  significantly  different  at  a=0.05. 

*  The  meaning  of  the  codes  for  the  asphalt  types  can  be  found  in  Table  3  .1. 
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processes.  The  Duncan's  multiple  range  test  was  performed  to  compare  the  means  of 
different  asphalts  and  different  aging  processes  (RTFOT  and  PAV)  with  a  Type  I  error  of 
0.05  (a=0.05).  The  results  of  the  Duncan's  test  are  also  shown  in  Table  4. 1 .  The  asphalts 
and  processes  which  are  denoted  by  the  same  letters  are  not  significantly  different  from 
one  another.  It  can  be  seen  that  the  C3GT  (AC-30+10%GTR)  asphalt  shows  the  highest 
percent  retained  penetration  after  both  RTFOT  and  PAV  processes.  And  the  AC- 10 
based  asphalts  (CTIO,  C1S7  and  C1S2)  show  severe  aging  due  to  low  percent  retained 
penetration  after  both  RTFOT  and  PAV  processes.  The  RTFOT  process  hardens  the 
asphalts  to  approximately  60%  of  retained  penetration  and  the  RTFOT+PAV  process 
hardens  the  asphalts  to  approximately  40%  of  retained  penetration  for  all  nine  asphalt 
binders.  Due  to  the  insensitivity  of  penetration  measurements  at  lower  penetrations,  the 
percent  retained  penetration  may  be  an  inappropriate  parameter  for  comparing  the  aging 
severity  of  harder  asphalts. 
4. 1 .4  Absolute  Viscosity  and  Brookfield  Viscosity 

Table  A.2  and  Table  A.3  display  the  results  of  the  absolute  viscosity  tests  at  60  °C 
and  the  Brookfield  viscosity  tests  at  a  shear  rate  of  1  s"'  and  a  temperature  of  60  °C 
respectively.  Figure  3.7  shows  the  plot  the  Brookfield  viscosity  at  a  shear  rate  of  1  s"' 
versus  the  corresponding  absolute  viscosity.  It  can  be  seen  that  the  Brookfield  viscosity  is 
very  close  to  the  absolute  viscosity.  However,  when  the  viscosity  is  relative  high,  the 
Brookfield  viscosity  is  lower  than  the  absolute  viscosity.  A  possible  explanation  for  this 
difference  lies  in  the  shear  susceptibility  of  the  asphalts.  When  an  asphalt  is  not  severely 
aged  and  its  viscosity  is  relatively  low,  the  asphah  has  a  Newtonian  flow  behavior  and  the 
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viscosity  does  not  change  with  shear  rate.  However,  when  an  asphah  is  severely  aged  and 
its  viscosity  is  high,  the  asphalt  tends  to  have  a  pseudo-plastic  flow  behavior  and  its 
viscosity  would  decrease  as  shear  rate  is  increased.  The  absolute  viscosity  test  is 
conducted  at  a  lower  shear  rate  than  that  of  the  Brookfield  viscosity  test.  Thus,  the 
Brookfield  viscosity  would  tend  to  be  lower  than  the  absolute  viscosity  when  an  asphalt  is 
severely  aged. 

Some  modified  asphalts,  such  as  AC-10+3%SBR  modified  asphalt,  were  observed 
to  climb  up  the  spindle  of  the  Brookfield  viscometer  during  the  test,  resulting  in  a  change 
in  shearing  area  and  incorrect  test  result.  This  phenomenon  is  known  as  the  Weissenberg 
effect  [11]. 

The  result  of  ANOVA  and  Duncan's  grouping  on  the  Logarithm  of  absolute 
viscosity  and  Brookfield  viscosity  at  60°C  is  shown  in  Table  4.2.  It  can  be  seen  that  the 
C3GT  (AC-30  +10%GTR)  asphalt  shows  the  highest  viscosity  and  the  CTIO  (AC-10) 
asphalt  shows  the  lowest  viscosity  before  and  after  the  aging  processes.  The  SBR 
modified  asphalts  also  have  higher  viscosity  than  that  of  the  base  asphalt. 

The  aging  index  (viscosity  ratio),  which  is  the  ratio  between  the  viscosity  of  the 
aged  residue  and  that  of  the  original  asphalt,  was  used  to  represent  the  aging  severity. 
Figure  4  .3  shows  the  aging  index  of  the  RTFOT  and  PAV  residues  based  on  the  absolute 
viscosity  and  Brookfield  viscosity  at  60  °C.  It  can  be  seen  that  the  Ergon  PMAC-20  has 
the  lowest  aging  index  and  the  Coastal  AC-30  has  the  highest  aging  index  among  the  nine 
binders  evaluated. 


Table  4.2  Results  of  ANOVA  and  Duncan's  grouping  on  the  Logarithm  of  Absolute 

Viscosity  and  Brookfield  Viscosity  in  the  comparison  of  RTFOT  and  PAV  on 
asphalt  binders 


Dependent  Variable;  Absolute  Viscosity  at  60°C  [  Model  =    +  a,  +  Pj  +  (aP)^  +  1 

Source  DF        ANOVA  SS  Mean  Square  F  Value  Pr>F 

ASPHALT,  a  8         4.45313383  0.55664173    695.12  0.0001 

PROCESS,  P  2         14.24569874  7.12284937  8894.85  0.0001 

ASPHALT*PROCESS,oP  16        0.43247653  0.02702978    33.75  0.0001 
R-Square=0.998871 

Duncan  Grouping  at  METHOD=Original 


Mean 

N 

ASPHALT* 

A 

4.1983 

2 

C3GT 

B 

3.9124 

2 

CT30 

C 

3.5742 

2 

C1S2 

C 

D 

C 

3.5326 

2 

PM20 

D 

D 

E 

3.5030 

2 

MA30 

E 

F 

E 

3.4761 

2 

MT30 

F 

E 

F 

E 

3.4739 

2 

KH30 

F 

F 

3.4321 

2 

C1S7 

G 

3.0837 

2 

CTIO 

Duncan  Grouping  at  M£THOD=RTFOT 

Mean 

N 

ASPHALT* 

A 

4.7664 

2 

C3GT 

B 

4.3100 

2 

CT30 

B 

4.3065 

2 

C1S2 

4.1660 

2 

PM20 

C 

4.1396 

2 

C1S7 

D 

3.9810 

2 

MT30 

D 

t 

D 

3.9360 

2 

KH30 

D 

D 

3.9341 

2 

MA30 

E 

3.7604 

2 

CTIO 

Note:  *  The  meaning  of  the  codes  for  the  asphah  types  can  be  found  in  Table  3.1. 


Table  4.2  Continued 


Duncan  Grouping  at  METHOD=PAV+RTFOT 


Mean 

N 

ASPHALT* 

A 

S  6099 

2 

C3GT 

n 

D 

S  0971 

c 

4.8079 

2 

C1S2 

n 
\^ 

D 

c 

A.7672 

2 

MT30 

D 

c 

D 

c 

E 

4.7497 

2 

CT30 

D 

E 

D 

F 

E 

4.7143 

2 

C1S7 

F 

E 

F 

E 

4.6995 

2 

KH30 

F 

F 

4.6643 

2 

MA30 

G 

4.3823 

2 

CTIO 

Dependent  Variable:  Brookfield  Viscosity  at  60°C  [Model  =  ^  +  a,  +  Pj  +  (aP)y  +  e 

Source                       DF       ANOVA  SS  Mean  Square  F  Value  Pr>F 

ASPHALT,  a                  8         3.15599283  0.39449910    329.82  0.0001 

PROCESS,  P                  2        12.98424580  6.49212290  5427.66  0.0001          .  .  > 

ASPHALT*PROCESS,op  16        0.45237061  0.02827316    23.64  0.0001          '  '  " 
R-Square=0.998057 

Duncan  Grouping  at  METHOD=Original  i 


Mean 

N 

ASPHALT* 

A 

4.0564 

2 

C3GT 

B 

3.8533 

2 

CT30 

C 

3.5646 

2 

PM20 

C 

C 

3.5574 

2 

C1S2 

C 

D 

C 

3.5214 

2 

MA30 

D 

C 

D 

C 

3.5107 

2 

MT30 

D 

D 

3.4983 

2 

KH30 

E 

3.4154 

2 

C1S7 

F 

3.0855 

2 

CTIO 

Note:  *  The  meaning  of  the  codes  for  the  asphalt  types  can  be  found  in  Table  3.1. 


Table  4.2 


Continued 


Duncan  Grouping  at  M£THOD=RTFOT 


Mean 

N 

ASPHALT* 

A 

4.6418 

2 

C3GT 

.■ 

B 

4.2340 

2 

r" 

C1S2 

B 

B 

4.2243 

2 

CT30 

C 

4.1101 

2 

C1S7 

D 

4.0344 

2 

PM20 

D 

E 

D 

3.9656 

2 

MT30 

E 

E 

3.9528 

2 

MA30 

E 

E 

3.9375 

2 

KH30 

F 

3.7974 

2 

CTIO 

Duncan  Grouping  at  METHOD=PAV+RTFOT 


Mean 

N 

ASPHALT* 

A 

5.4913 

2 

C3GT 

B 

4.9045 

2 

PM20 

C 

4.7242 

2 

MT30 

C 

C 

4.7216 

2 

C1S2 

C 

D 

C 

4.6864 

2 

C1S7 

D 

C 

D 

C 

4.6613 

2 

MA30 

D 

C 

D 

C 

4.6545 

2 

KH30 

D 

D 

4.5887 

2 

CT30 

E 

4.4211 

2 

CTIO 

Note:   *  The  meaning  of  the  codes  for  the  asphalt  types  can  be  found  in  Table  3  .1. 
Means  with  the  same  letter  are  not  significantly  different  at  a=0.05 
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100  T 


I  RTFOT-Asolute  viscosity  Q  RTFOT-Brookfield  viscosity 
I  PAV-Asolute  viscosity  PAV-Brookfield  viscosity 


CT10    C1S2    C1S7    PM20    C3GT    CT30    KH30    IVIT30  MA30 

Asphalt  Type 


Note:  CT 1 0  -  Coastal  AC- 1 0. 

C1S2  -  Coastal  AC-10+3%SBR2879. 

C1S7  -  Coastal  AC-10+3%SBR70. 

PM20  -  Ergon  PMAC-20. 

C3GT  -  Coastal  AC-30+10%GTR. 

CT30  -  Coastal  AC-30. 

KH30  -  Koch  AC-30. 

MT30  -  Marathon  AC-30. 

MA30  -  Mariani  AC-30. 

Figure  4.3     The  Comparison  of  Aging  Indices  Based  on  Absolute  and  Brookfield 
Viscosity  at  60°C 
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4.1.5  Constant  Power  Viscosity 

The  constant  power  viscosity  at  5,  15,  and  25°C  of  the  different  binders  before  and 
after  the  RTFOT  and  PAV  processes  are  shown  in  Table  A.  5.  Figure  4.4  displays  the 
aging  index  of  the  RTFOT  and  PAV  residues  based  on  the  constant  power  viscosity  at  5, 
15  and  25°C.  It  can  be  seen  that  the  C3GT  (AC-30+10%GTR)  has  the  lowest  aging 
index  based  on  the  viscosity  at  5  and  15°C.  The  constant  power  viscosity  at  5°C  of  the 
different  aged  asphalts  are  plotted  in  Figure  4.5.  These  viscosity  values  are  compared  with 
a  limit  of  2x  10'°  poises,  which  is  usually  used  as  the  maximum  allowable  binder  viscosity 
to  avoid  low  temperature  cracking  of  the  asphalt  mixture  in  service.  As  shown  in  Figure 
4.5,  three  residues  exhibit  a  viscosity  value  exceeding  this  limit.  They  are  aged  residues  of 
MA30  (Mariani  AC-30),  MT30  (Marathon  AC-30)  and  CT30  (Coastal  AC-30). 

To  investigate  the  parallel  shift  pattern  in  the  log-log  plot  of  viscosity  versus 
temperature,  the  Schweyer  Rheometer  tests  were  performed  (with  two  replicates)  at  three 

i 

temperatures,  namely  5,  15  and  25  "C,  on  the  nine  asphalts  and  their  residues  aged  by  the 
RTFOT  and  PAV  processes.  Figure  4.6  shows  the  log-log  plot  of  constant  power 

I 

viscosity  (r|j=,oo)  versus  absolute  temperature  (°K)  for  the  Coastal  AC-30  asphalt.  It  is 
assumed  that  asphalts  have  Newtonian  flow  behavior  at  60  °C  and  the  absolute  viscosity 
at  60  °C  is  equal  to  the  constant  power  viscosity  (r|j=ioo).  With  some  variation,  the  parallel 

I 

shift  pattern  are  generally  observed  for  all  nine  asphalts  as  similar  to  Figure  4.6. 

Linear  regression  analyses  were  performed  to  estimate  the  viscosity-temperature 
relationship  for  the  different  asphalts  before  and  after  RTFOT  and  PAV  processes.  The 
purpose  of  these  analyses  is  to  determine  how  these  relationships  may  change  with  aging. 

1 
I 

i 
I 

i 
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Note:  CTIO  -  Coastal  AC- 10. 

C1S2  -  Coastal  AC-10+3%SBR2879. 

C1S7  -  Coastal  AC-10+3%SBR70. 

PM20  -  Ergon  PMAC-20. 

C3GT  -  Coastal  AC-30+10%GTR. 

CT30  -  Coastal  AC-30. 

KH30  -  Koch  AC-30. 

MT30  -  Marathon  AC-30. 

MA30  -  Mariani  AC-30. 


Figure  4.4     The  Comparison  of  Aging  Indices  of  Nine  Asphalts  Aged  by  the  RTFOT 
and  PAV 
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Coastal  AC30 

Marathon  AC30 

2E10  poises  viscosity  limit 

"X,.^^   Mariani  AC30 
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CTIO   C1S2    C1S7   PM20  C3GT  CT30   KH30  MT30  MA30 

Asphalt  Type 


Unagal| 

1  RTFO^I 

PAV 

Note:  CTIO  -  Coastal  AC-10. 

C1S2  -  Coastal  AC-10+3%SBR2879. 

C1S7  -  Coastal  AC-10+3%SBR70. 

PM20  -  Ergon  PMAC-20. 

C3GT  -  Coastal  AC-30+10%GTR. 

CT30  -  Coastal  AC-30. 

KH30  -  Koch  AC-30. 

MT30  -  Marathon  AC-30. 

MA30  -  Mariani  AC-30. 


Figure  4.5  Constant  Power  Viscosity  at  5°C  of  Nine  Asphalts  Aged  by  the  RTFOT  and 
PAV  Processes 
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lElO 


2.44  2.46  2.48  2.5  2.52  2.54 

Log  Temperature  (K) 


Regression  Equation 
Unaged:  Log  Viscosity  =  178.28  -  69.70  x  Log  Temperature  (°K),     =  0.993 
RTFOT;  Log  Viscosity  =  173.74  -  67.65  x  Log  Temperature  (°K),  R^  =  0.992 
PAV:     Log  Viscosity  =  168. 18  -  65.08  x  Log  Temperature  (°K),  R^  =  0.992 

Figure  4.6     Relationship  Between  Constant  Power  Viscosity  and  Temperature  for  the 
Coastal  AC-30  Asphah 
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The  summary  of  the  results  of  the  regression  analyses  are  listed  in  Table  4.3.  Good  linear 
relationships  (R^  >  0.98)  were  found  between  the  logarithm  of  viscosity  (both  constant- 
power  and  constant-stress)  and  the  logarithm  of  absolute  temperature  in  °K.  The  age 
hardening  pattern  indicated  that  the  asphalt  constant  power  viscosity-temperature 
relationship  shifted  upwards,  and  proximately  parallel  with  aging.  The  amount  of  shifting 
from  unaged  to  RTFOT  process  was  found  to  be  about  0.75  shifted  upward  and  that  of 
shifting  from  unaged  to  PAV  process  was  found  to  be  about  1.5  shifted  upwards  in  this 
study. 

The  results  of  ANOVA  and  Duncan's  grouping  on  the  aging  index  which  were 
calculated  from  the  results  of  constant-power  viscosities  at  25  °C,  15°C  and  5°C  are 
shown  in  Table  4.4.  It  can  be  seen  that  the  MA30  (Marathon  AC-30)  asphalt  shows  the 
highest  aging  index  after  both  RTFOT  and  PAV  processes  at  these  three  temperatures. 
Due  to  significant  interaction,  these  asphalts  have  different  aging  indexes  for  different 

^  combinations  of  aging  and  test  temperature. 

j  4.1.6  Fraass  Breaking  Test 

I  The  Fraass  Breaking  Point  temperatures  of  the  different  binders  before  and  after 

:  the  RTFOT  and  PAV  processes  are  shown  in  Table  A.  4  and  displayed  graphically  in 
Figure  4.7.  The  C1S2  (AC-10+3%SBR2879)  and  C1S7  (AC-10+3%SBR70)  binders  can 
be  seen  to  exhibit  a  significantly  lower  Fraass  Breaking  Point  temperature  than  the  other 
asphalts.  The  SBR  and  GTR  modified  binders  first  exhibited  a  very  small  crack 
(microcrack)  and  gradually  formed  total  cracks  on  continuing  the  Fraass  Breaking  test. 
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Table  4  .3       Summary  of  Results  of  Regression  Analyses  for  the  Viscosity-Temperature 
Relationship 
Regression  Equation: 

Log  (t])  =  Bo  +  B,  X  log  (Temperature  in  "K) 


Asphalt* 

Aging  Condition 

Bo 

B, 

DF' 

Coastal  AC-10 

Unaged 

183.31 

-71.89 

0992 

7 

STOA 

176.66 

-68.97 

0.995 

7 

LTOA 

176.86 

-68.82 

0.989 

7 

Coastal  AC-10+ 
3%SBR2879 

Unaged 

167.49 

-65.47 

0.993 

7 

STOA 

161.45 

-62.81 

0.992 

7 

LTOA 

163.01 

-63.21 

0.985 

7 

Coastal  AC- 10+ 
3%SBR70 

Unaged 

166.54 

-65.02 

0.999 

7 

STOA 

159.53 

-61.97 

0.995 

7 

LTOA 

163.41 

-63.33 

0.983 

7 

Ergon  PMAC-20 

Unaged 

156.44 

-60.90 

0.992 

7 

STOA 

160.79 

-62.47 

0.993 

7 

LTOA 

167.19 

-64.81 

0.998 

7 

Coastal  AC-30+ 
lOToGTR 

Unaged 

167.77 

-65.30 

0.981 

7 

STOA 

159.81 

-61.92 

0.981 

7 

LTOA 

148.51 

-57.10 

0.983 

7 

Coastal  AC-30 

Unaged 

178.28 

-69.70 

0.993 

7 

STOA 

173.74 

-67.65 

0.992 

7 

LTOA 

168.18 

-65.08 

0.992 

7 

Koch  AC-30 

Unaged 

178.75 

-69.92 

0.994 

7 

STOA 

180.46 

-70.41 

0.995 

7 

LTOA 

178.91 

-69.50 

0.992 

7 

Marathon  AC-30 

Unaged 

191.79 

-75.11 

0.983 

7 

STOA 

189.61 

-74.03 

0.989 

7 

LTOA 

184.84 

-71.84 

0.983 

7 

Mariani  AC-30 

Unaged 

186.88 

-73.12 

0.994 

7 

STOA 

194.31 

-75.89 

0.993 

7 

LTOA 

192.08 

-74.71 

0.995 

7 

Note:  * :  The  meaning  of  the  codes  for  the  asphalt  types  can  be  found  in  Table  3.1. 
1 :  Degree  of  freedom. 
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Table  4.4  Results  of  ANOVA  and  Duncan's  Multiple  Range  Test  on  the  Aging  Index 

(constant-power  viscosity)  in  the  comparison  of  RTFOT  and  PAV  on  Asphalt 
binders 


Dependent  Variable:  Aging  Index  [  Model  =  ^  +  +  Pj  +  (aP)^ 
Temperature=2S  °  C 

Source  DF        ANOVA  SS    Mean  Square    F  Value 

65.3249800    16.3312450  8.62 
977.0622050  977.0622050  516.00 
55.9044200     13.9761050  7.38 


DF 

ASPHALT,  a  4 
METHOD,  p  1 
ASPHALT*METHOD,oP  4 
R-Square=  0.983052 

Duncan  Grouping  at  METHOD=RTFOT 


Mean 

IN 

A  QPT-TAT  T* 

A 

3.800 

2 

MA30 

A 

A 

3.500 

2 

MT30 

A 

A 

3.410 

2 

KH30 

A 

A 

3.280 

2 

CT30 

A 

A 

3.080 

2 

C3GT 

rHOD=PAV+RTFOT 

Mean 

N 

ASPHALT* 

A 

22.460 

2 

MA30 

A 

A 

20.640 

2 

CT30 

B 

15.430 

2 

MT30 

B 

B 

14.430 

2 

C3GT 

B 

B 

14.005 

2 

KH30 

+  euk  ] 

Pr>F 
0.0028 
0.0001 
0.0049 


Temperature=lS°C 

Source                         DF  ANOVA  SS 

ASPHALT,  a                 4  116.5151300 

METHOD.p                   1  665.8580000 

ASPHALT*METHOD,oP  4  80.8956500 
R-Square=  0.982220 

Duncan  Grouping  at  METHOD=RTFOT 


Mean  Square   F  Value 
29.1287825  88.93 
665.8580000  2032.78 
20.2239125  61.74 


Mean 

N 

ASPHALT* 

A 

3.475 

2 

MA30 

A 

A 

3.185 

2 

KH30 

A 

A 

3.145 

2 

MT30 

A 

A 

3.135 

2 

CT30 

B 

2.105 

2 

C3GT 

Pr>F 
0.0001 
0.0001 
0,0001 


Note:  *  The  meaning  of  the  codes  for  the  asphah  types  can  be  found  in  Table  3  .1. 
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Table  4.4 

Duncan  Grouping  at  METHOD=PAV+RTFOT 


Continued 


Mean 

N 

ASPHALT* 

A 

20.715 

2 

MA30 

B 

17.260 

2 

CT30 

C 

15.145 

2 

KH30 

D 

11.685 

2 

MT30 

E 

7.940 

2 

CT30 

Temperature=  S°C 

Source  DF 

ASPHALT,  a  4 

METHOD,  p  1 

INTERACTION.aP  4 
R-Square=  0.981756 


ANOVA  SS  Mean  Square    F  Value 

216.4173200  54.1043300  60.00 

572.2360200  572.2360200  634.62 

82.5596800  20.6399200  22.89 


Duncan  Grouping  at  M£THOD=RTFOT 


Mean 

N 

ASPHALT* 

A 

6.475 

2 

MA30 

B 

3.115 

2 

KH30 

B 

c 

B 

3.000 

2 

CT30 

c 

c 

D 

2.450 

2 

MT30 

D 

D 

2.080 

2 

C3GT 

at  METHOD=PAV+RTFOT 

Mean 

N 

ASPHALT* 

A 

20.990 

2 

MA30 

B 

16.795 

2 

CT30 

B 

B 

16.020 

2 

KH30 

C 

11.030 

2 

MT30 

D 

5.775 

2 

C3GT 

Pr>F 

0.0001 
0.0001 
0.0001 


Note:  *  The  meaning  of  the  codes  for  the  asphah  types  can  be  found  in  Table  3.1. 
I         Means  with  the  same  letter  are  not  significantly  different  at  a=0.05. 


Note:  CTIO  -  Coastal  AC- 10. 

C1S2  -  Coastal  AC-10+3%SBR2879. 
CIS?  -  Coastal  AC-10+3%SBR70. 
PM20  -  Ergon  PMAC-20. 
C3GT  -  Coastal  AC-30+10%GTR. 
CT30  -  Coastal  AC-30. 
KH30  -  Koch  AC-30. 
MT30  -  Marathon  AC-30. 

MA30  -  Mariani  AC-30. 

i 

Figure  4.7  Fraass  Breaking  Point  Temperature  of  Nine  Asphalts  Aged  by  the  RTFOT 
and  PAV 


i 

I 
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The  Fraass  Breaking  Point  temperature  is  defined  as  the  temperature  at  which  the  first 
crack  (or  microcrack)  is  observed  in  the  Fraass  Breaking  Point  test. 

The  results  of  ANOVA  and  Duncan's  muhiple  range  test  on  the  Fraass  breaking 
point  temperatures  of  asphalt  after  different  aging  methods  are  shown  in  Table  4.5.  Both 
the  effects  of  asphalt  type  and  aging  method  are  significant  and  the  interaction  effect  is 
also  significant.  These  results  are  similar  to  the  results  of  ANOVA  on  the  percent  retained 
penetration.  It  is  noticed  that  the  MT30  (Mariani  AC-30)  and  MA30  (Marathon  AC-30) 
exhibit  a  significantly  higher  Fraass  breaking  point  temperature  than  the  other  asphalts. 
The  C1S2  (AC-10+3%SBR2879)  and  CIST  (AC-10+3%SBR70)  exhibit  a  significant 
lower  Fraass  breaking  point  temperature  than  the  other  asphalts.    The  Fraass  breaking 
point  temperature  as  read  from  the  standard  apparatus  using  a  mercury  thermometer  is 
about  5.5  °C  higher  than  the  temperature  of  the  sample  [29],  The  Fraass  breaking  point 
temperature  is  related  to  thermal  cracking  temperature  in  the  field.  Therefore,  the  two 

I 

SBR-modified  asphalts  exhibited  a  significantly  improved  capacity  of  resisting  low- 
temperature  cracking. 

I  4.2  Results  of  SHRP  Binder  Tests 

4.2.1  Dynamic  Shear  Rheometer  Test 

I         In  SHRP  testing  for  specification  purposes,  a  standard  testing  frequency  of  10 

1 

radians/second  (1.59  Hertz)  is  specified.  This  fi^equency  was  used  because  it  corresponds 
to  a  loading  time  of  0. 1  seconds  which  simulates  the  effects  of  traffic  loading  [18].  In 
addition  to  the  standard  frequency  of  10  radians/second  (1.59  Hertz),  a  fi^equency  sweep 
consisting  of  7  different  frequencies  was  also  performed  at  the  various  temperatures. 


Table  4.5  Results  of  ANOVA  and  Duncan's  Grouping  on  the  Fraass  Breaking 
Point  in  the  comparison  of  RTFOT  and  PAV  on  Asphah  binders 


Dependent  Variable:  FRAASS  [  Model  =  ^  +    +  pj  +  (ap)ij  +  ] 

Source                         DF    ANOVA  SS  Mean  Square  F  Value  Pr>F 

ASPHALT,  a                     8     317.0000000  39.6250000  122.27  0.0001 

METHOD,  P                    2     153.3611111  76.6805556  236.61  0.0001 

ASPHALT*METHOD,oP     16     16.3888889  1.0243056  3.16  0.0041 
R-Square  =0.982341 

Duncan  Grouping  at  M£THOD=Original 


Mean 

N 

ASPHALT* 

A 

-9.500 

2 

MT30 

A 

A 

-9.750 

2 

MA30 

B 

-12.250 

2 

CT30 

B 

B 

-12.500 

2 

C3GT 

B 

B 

-13.250 

2 

CTIO 

B 

c 

B 

-13.750 

2 

PM20 

c 

B 

c 

B 

-14.000 

2 

KH30 

c 

c 

-15.000 

2 

C1S7 

D 

-16.750 

2 

C1S2 

Duncan  Grouping  at  METHOD=RTFOT 

IViCall 

IN 

Avoir  Llr\i-i  I 

A 

-7.250 

2 

MA30 

B 

-8.750 

2 

MT30 

C 

-11.250 

2 

CT30 

C 

C 

-11.250 

2 

C3GT 

C 

D 

C 

-12.000 

2 

CTIO 

!  S 

E 

-12.500 

2 

PM20 

E 

F 

E 

-13.000 

2 

KH30 

!  F 

\  F 

-13.750 

2 

C1S7 

1 

G 

-14.750 

2 

C1S2 

Note:  *  The  meaning  of  the  codes  for  the  asphalt  types  can  be  found  in  Table  3.1. 


90 

Table  4.5  Continued 
Duncan  Grouping  at  METHOD=PAV+RTFOT 


Mean 

N 

A  COT  TAT  T"* 

ASPHALT* 

A 

-3.500 

2 

MA30 

A 

A 

-4.500 

2 

MT30 

B 

-8.750 

2 

CT30 

B 

B 

-9.000 

2 

KH30 

B 

B 

-9.750 

2 

C3GT 

B 

B 

-9.000 

2 

CTIO 

-10.750 

2 

PM20 

D 

-12.500 

2 

C1S7 

D 

D 

-12.500 

2 

C1S2 

Note:  *  The  meaning  of  the  codes  for  the  asphalt  types  can  be  found  in  Table  3  .1. 
Means  with  the  same  letter  are  not  significantly  different  at  a=0.05. 
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According  to  Christensen  et  al.  [18],  when  interpreting  the  resuhs  of  viscoelastic 
tests,  such  as  the  DSR,  on  asphalt  binders  in  terms  of  pavement  performance,  isochronal 
plots  should  be  used.  An  isochronal  plot  is  a  plot  of  viscoelastic  parameters,  such  as 
complex  shear  modulus,  versus  temperature  at  a  specified  frequency.  When  the  isochronal 
plot  is  created  at  a  fi-equency  equivalent  to  traffic  loading,  such  as  10  radians/second  (1.59 
Hertz),  the  resulting  plot  has  a  direct  correspondence  to  the  expected  response  of  the 
asphalt  binder  under  actual  traffic  conditions  [18].  (  '    *  '  ^ 

In  SHRP  specification  testing,  the  selected  viscoelastic  parameters  are  plotted 
against  temperature  for  a  fi-equency  of  10  radians/second  (1 .59  Hertz).  Figures  4.8  and 
4.9  show  the  isochronal  plots  of  dynamic  complex  modulus  at  a  frequency  of  10  rad/s  for 
the  unaged  asphalts  and  the  RTFOT-aged  asphalts,  respectively.  It  can  be  seen  that  the 
C3GT  (AC-30+10%GTR)  has  a  higher  modulus  than  the  others  at  the  temperature  range 
fi-om  52  to  76°  C.  Figure  4. 10  shows  the  isochronal  plots  of  dynamic  complex  modulus 
for  RTFOT+PAV  aged  asphalts  at  a  fi-equency  of  10  rad/s  at  lower  temperatures  fi-om  13 
to  34°C.  It  can  be  seen  that  the  C1S2  (AC-10+3%SBR2879),  CIS?  (AC-10+3%SBR70) 
and  C3GT  (AC-30+10%GTR)  have  substantially  lower  modulus  than  the  others  at  these 
low  temperatures,  and  the  MT30  (Marathon  AC-30)  and  MA30  (Mariani  AC-30)  have 
significantly  higher  modulus  than  the  others  at  these  low  temperatures.  Figures  4. 1 1 
through  4.13  show  the  plots  of  dynamic  complex  modulus,  dynamic  viscosity  and  phase 
angle  as  a  fianction  of  fi-equency  at  a  temperature  of  76°  C  for  the  unaged  asphahs.  It  can 
be  seen  that  the  C1S2  (AC-10+3%SBR2879),  C1S7  (AC-10+3%SBR70)  and  PM20 
(Ergon  PMAC-20)  have  higher  modulus  and  lower  phase  angle  than  the  others  at  a  low 
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30 


■  CTIO 

□  C1S2 

— V—  C1S7 

PM20  — « 

!*—  C3GT 

O  CT30 

A  KH30 

— 1   MT30 

MA30 

64  70 
Temperature,  C 


Note:  CTIO -Coastal  AC- 10. 

C1S2  -  Coastal  AC-10+3%SBR2879. 

C1S7  -  Coastal  AC-10+3%SBR70. 

PM20  -  Ergon  PMAC-20. 

C3GT  -  Coastal  AC-30+10%GTR. 

CT30  -  Coastal  AC-30. 

KH30  -  Koch  AC-30. 

MT30  -  Marathon  AC-30. 

MA30  -  Mariani  AC-30. 


Figure  4.8 


Isochronal  Plots  of  Complex  Modulus  of  Original  Asphalt  Binders  at 
w=10  rad/sec 
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70 


(S 


CT10 

-B-  C1S2 

W  C1S7 

PM20  — «S»- 

-  C3GT 

CT30 

—A—  KH30 

— 1 —  MT30 

MA30 

AC30+10%GTR 


64 

Temperature,  C 


Note:  CT 1 0  -  Coastal  AC- 1 0. 

C1S2  -  Coastal  AC-10+3%SBR2879. 

C1S7  -  Coastal  AC-10+3%SBR70. 

PM20  -  Ergon  PMAC-20. 

C3GT  -  Coastal  AC-30+10%GTR. 

CT30  -  Coastal  AC-30. 

KH30  -  Koch  AC-30. 

MT30  -  Marathon  AC-30. 

MA30  -  Mariani  AC-30. 


Figure  4.9      Isochronal  Plots  of  Complex  Modulus  of  RTFOT-aged  Asphalt  Binders  at 
w=10  rad/sec 
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16000 


Temperature,  C 


Note:  CTIO  -  Coastal  AC- 10. 

C1S2  -  Coastal  AC-10+3%SBR2879. 

C1S7  -  Coastal  AC-10+3%SBR70. 

PM20  -  Ergon  PMAC-20. 

C3GT  -  Coastal  AC-30+10%GTR. 

CT30  -  Coastal  AC-30. 

KH30  -  Koch  AC-30. 

MT30  -  Marathon  AC-30. 

MA30  -  Mariani  AC-30. 


Figure  4.10 


Isochronal  Plots  of  Complex  Modulus  of  PAV+RTFOT-aged  Asphalt 
Binders  at  w=10  rad/sec 
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1E5 


Log  Frequency ,(Hz) 


CTIO-B- 

C1S2-J^ 

C1S7  ->5«- 

PM20-^  C3GT 

CT30-A- 

KH30— 1— 

MT30-X- 

MA30 

Note:  CTIO  -  Coastal  AC-10. 

C1S2  -  Coastal  AC-10+3%SBR2879. 

C1S7  -  Coastal  AC-10+3%SBR70. 

PM20  -  Ergon  PMAC-20. 

C3GT  -  Coastal  AC-30+10%GTR. 

CT30  -  Coastal  AC-30. 

KH30  -  Koch  AC-30. 

MT30  -  Marathon  AC-30. 

MA30  -  Mariani  AC-30. 


Figure  4. 1 1  Plot  of  Complex  Modulus  at  76  °  C  as  a  Function  of  Frequency  for  Unaged 
Asphalt  Binders 


1E5 


1E1-I  1 — I  I  I  I  1 1 1|  1 — I  I  I  I  1 1 1|  1 — I  I  I  I  1 1 1|  1 — I  I  I  I  1 1 1 

0.01  0.1  1  10  100 

Log  Frequency, (Hz) 

-m-  CTIO-e-  C1S2-^  C1S7-»9-  PM20-H«i-  C3G1 
-e-  CT30-A-  KH30— I—  MT30-K-  MA30 


Note:  CTIO  -  Coastal  AC- 10. 

C1S2  -  Coastal  AC-10+3%SBR2879. 

C1S7  -  Coastal  AC-10+3%SBR70. 

PM20  -  Ergon  PMAC-20. 

C3GT  -  Coastal  AC-30+10%GTR. 

CT30  -  Coastal  AC-30. 

KH30  -  Koch  AC-30. 

MT30  -  Marathon  AC-30. 

MA30  -  Mariani  AC-30. 


;ure  4.12    Plot  of  Dynamic  Viscosity  at  76°C  as  a  Function  of  Frequency  for  Unaged 
Asphalt  Binders 
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Log  Frequency,(Hz) 


-m-  CT10-e-  C1S2-^  C1S7-Ji»-  PM20-SS—  C3G1 
-e-  CT30-A-  KH30— I—  MT30->e-  MA30 


Note:  CT 1 0  -  Coastal  AC- 1 0. 

C1S2  -  Coastal  AC-10+3%SBR2879. 

C1S7  -  Coastal  AC-10+3%SBR70. 

PM20  -  Ergon  PMAC-20. 

C3GT  -  Coastal  AC-30+10%GTR. 

CT30  -  Coastal  AC-30. 

KH30  -  Koch  AC-30. 

MT30  -  Marathon  AC-30. 

MA30  -  Mariani  AC-30. 


Figure  4. 13      Plot  of  Phase  Angle  at  76  °  C  as  a  Function  of  Frequency  for 
Unaged  Asphalt  Binders 
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frequency  of  0.01  Hz.  For  the  unmodified  asphalts,  dynamic  viscosity  is  relatively 
independent  of  deformation  rate  (frequency),  indicating  that  the  materials  are  purely 
viscous  fluids.  In  contrast,  the  dynamic  viscosity  of  the  C1S2  (AC-10+3%SBR2879), 
C1S7  (AC-10+3%SBR70)  and  PM20  (Ergon  PMAC-20)  modified  asphalts  clearly 
decreases  with  increasing  deformation  rate,  indicating  that  these  materials  have  an  elastic 
response  as  well  as  a  viscous  response. 

The  plots  of  dynamic  complex  modulus,  dynamic  viscosity  and  phase  angle  versus 
fi-equency  for  the  RTFOT-aged  asphalts  at  76°  C  are  shown  in  Figures  4. 14  through  4. 16. 
It  can  be  seen  that  the  C1S2  (AC-10+3%SBR2879),  C1S7  (AC-10+3%SBR70)  and 
C3GT  (AC-30+10%GTR)  have  higher  modulus  and  viscosity  at  low  fi-equency,  and  the 
C1S2  and  C1S7  have  lower  phase  angle  than  the  others  at  low  fi-equency  of  0.01  Hz.  For 
unmodified  RTFOT-aged  residues,  dynamic  viscosity  is  relative  independent  of 
deformation  rate  (fi-equency),  indicating  that  the  materials  are  still  purely  viscous  fluids.  In 
contrast,  dynamic  viscosity  of  the  C1S2  (AC-10  +  3%SBR2879)  and  C1S7  (AC-10  +  3% 
SBR70)  modified  asphalts  clearly  decreases  with  increasing  deformation  rate. 

Figure  4.17  and  4.18  show  the  plots  of  dynamic  complex  modulus  and  phase  angle 
as  a  fiinction  of  fi-equency  at  a  temperature  of  3  °C  for  the  RTFOT+PAV-aged  asphalts.  It 
can  be  seen  that  the  C1S2  (AC-10+3%SBR2879),  C1S7  (AC-10+3%SBR70)  and  C3GT 
(AC-30+10%GTR)  exhibit  lower  modulus  and  higher  phase  angle  than  the  others  at  a  high 
fi-equency  of  30  Hz.  This  means  that  both  SBR-  and  GTR-  modified  asphalts  show  higher 
modulus  and.  more  elastic  behavior  than  unmodified  asphalts  at  high  temperatures,  and 
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Note:  CTIO- Coastal  AC- 10. 

C1S2  -  Coastal  AC-10+3%SBR2879. 

C1S7  -  Coastal  AC-10+3%SBR70. 

PM20  -  Ergon  PMAC-20. 

C3GT  -  Coastal  AC-30+10%GTR. 

CT30  -  Coastal  AC-30. 

KH30  -  Koch  AC-30. 

MT30  -  Marathon  AC-30. 

MA30  -  Mariani  AC-30. 


Figure  4.14 


Plot  of  Complex  Modulus  at  76°  C  as  a  Function  of  Frequency  for 
RTFOT-aged  Asphalt  Binders 
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Note:  CTIO  -  Coastal  AC-10. 

C1S2  -  Coastal  AC-10+3%SBR2879. 

C1S7  -  Coastal  AC-10+3%SBR70. 

PM20  -  Ergon  PMAC-20. 

C3GT  -  Coastal  AC-30+10%GTR. 

CT30  -  Coastal  AC-30. 

KH30  -  Koch  AC-30. 

MT30  -  Marathon  AC-30. 

MA30  -  Mariani  AC-30. 


Figure  4.15         Plot  of  Dynamic  Viscosity  at  76°C  as  a  Function  of  Frequency  for 
RTFOT-aged  Asphalt  Binders 
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-m-  CT10-B-  C1S2-^  C1S7-«5«-  PM20-^»-  C3G1 
-e-  CT30-A-  KH30— I—  MT3C>-»<-  MA30 


i  Note;  CTIO- Coastal  AC- 10. 

CI S2  -  Coastal  AC- 10+3%SBR2879. 
!  C 1 S7  -  Coastal  AC- 1 0+3%SBR70. 

;  PM20  -  Ergon  PMAC-20. 

C3GT  -  Coastal  AC-30+10%GTR. 

CT30  -  Coastal  AC-30. 

KH30  -  Koch  AC-30. 

MT30  -  Marathon  AC-30. 

MA30  -  Mariani  AC-30. 

Figure  4. 1 6    Plot  of  Phase  Angle  at  76  °  C  as  a  Function  of  Frequency  for  RTFOT-aged 
Asphalt  Binders 
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-■-  CT10-B-  C1S2-V-  C1S7-V-  PM2(M»-  C3G1 
-O-  CT30-A-  KH30— I—  MT30-»<-  MA30 


Note:  CTIO  -  Coastal  AC-10. 

C1S2  -  Coastal  AC-10+3%SBR2879. 

C1S7  -  Coastal  AC-10+3%SBR70. 

PM20  -  Ergon  PMAC-20. 

C3GT  -  Coastal  AC-30+10%GTR. 

CT30  -  Coastal  AC-30. 

KH30  -  Koch  AC-30. 

MT30  -  Marathon  AC-30. 

MA30  -  Mariani  AC-30. 


Figure  4.17 


Plot  of  Complex  Modulus  at  3  °C  as  a  Function  of  Frequency  for 
PAV+RTFOT-aged  Asphalt  Binders 
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-e-  CT30-A-  KH30— I—  MT30-X-  MA30 


Note:  CTIO  -  Coastal  AC-10. 

C1S2  -  Coastal  AC-10+3%SBR2879. 

C1S7  -  Coastal  AC-10+3%SBR70. 

PM20  -  Ergon  PMAC-20. 

C3GT  -  Coastal  AC-30+10%GTR. 

CT30  -  Coastal  AC-30. 

KH30  -  Koch  AC-30. 

MT30  -  Marathon  AC-30. 

MA30  -  Mariani  AC-30. 

Figure  4.18  Plot  of  Phase  Angle  at  3  °C  as  a  Function  of  Frequency  for  PAV+RTFOT- 
aged  Asphalt  Binders 
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also  show  lower  modulus  and  more  viscous  behavior  than  unmodified  asphalts  at  low 
temperatures. 

To  investigate  the  variation  of  dynamic  viscosity  with  respect  to  temperature,  the 
Dynamic  Shear  Rheometer  tests  were  performed  at  temperatures  from  25  to  60  "C,  on  the 
nine  asphalts  and  their  residues  aged  by  the  RTFOT  and  PAV  processes.  The  dynamic 
viscosity  at  a  frequency  of  1  Hz  are  shown  in  Table  A.  7.  Linear  regression  analyses  were 
performed  to  estimate  the  dynamic  viscosity  as  a  function  of  temperature.  The  following 
regression  equation  was  used: 

logTi*  =  Do  +  D,xlogCK) 

where  t]*       =  dynamic  viscosity,  Pa. S 
Dq  ,  D,  =  constants 
°K      =  degree  Kelvin 
Linear  regression  analyses  were  performed  to  estimate  the  viscosity-temperature 
relationship  for  the  different  asphalts  before  and  after  RTFOT  and  PAV  processes.  The 
purpose  of  these  analyses  is  to  determine  how  these  relationships  may  change  with  aging. 
Good  linear  relationships  (R^  >  0.99)  were  found  between  the  logarithm  of  dynamic 
viscosity  and  the  logarithm  of  absolute  temperature  in  °K.  The  relationships  between 
logTi*  and  log°K  are  shown  in  Figure  4. 19  and  listed  in  Table  4.6.  With  some  variation, 

I 

the  parallel  shift  patterns  are  generally  similar  to  each  other  for  all  nine  asphalts.  The  age 
hardening  pattern  indicated  that  the  dynamic  viscosity-temperature  relationship  shifted 

I 

upwards,  and  proximately  parallel  with  aging.  The  amount  of  shifting  from  unaged  to 
RTFOT  process  was  found  to  be  about  0.5  shifted  upward  and  that  of  shifting  from 

j 

I 
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Regression  Equation 

Unaged:  Log  Viscosity  =  129.68  -  50.41  x  Log  Temperature  (°K),     =  0.999 

RTFOT:  Log  Viscosity  =  1 14.44  -  44. 16  x  Log  Temperature  (°K),  R^  =  0.996 

PAY:      Log  Viscosity  =  1 15.47  -  44.36  x  Log  Temperature  (°K),  R^  =  0.997 

igure  4.19    Relationship  Between  Dynamic  Viscosity  and  Temperature  for  the  Coastal 
AC-30  Asphalt 
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Table  4  .6       Summary  of  Results  of  Regression  Analyses  for  the  Viscosity-Temperature 
Relationship 
Regression  Equation: 

Log  (Ti*)  =  Do  +  D,  X  log  (Temperature  in  "K) 


Asphalt* 

Aging  Condition 

Do 

D, 

DF' 

Unaged 

135.11 

-52.74 

0.999 

7 

Coastal  AC- 10 

STOA 

123.16 

-47,90 

0.999 

7 

LTOA 

116.81 

-45.27 

0.999 

9 

Unaged 

123.16 

-47,90 

0.999 

7 

Coastal  AC- 10+ 

STOA 

119.4 

-46,25 

0.999 

7 

3%SBR2879 

LTOA 

116.74 

-44.97 

0.997 

9 

Unaged 

116.81 

-45.27 

0.999 

7 

Coastal  AC- 10+ 

STOA 

114.91 

-44.37 

0,999 

7 

3%SBR70 

LTOA 

104.7 

-40.17 

0,998 

9 

Unaged 

110.01 

-42.55 

0.999 

7 

Ergon  PMAC-20 

STOA 

115.07 

-44.47 

0.999 

7 

LTOA 

117.35 

-45.20 

0.999 

9 

Unaged 

108  81 

-41.92 

0.998 

7 

Coastal  AC-30+ 

STOA 

102.09 

-39.11 

0.999 

7 

10%GTR 

LTOA 

98.39 

-37.50 

0.998 

9 

Unaged 

129.68 

-50,41 

0.999 

7 

Coastal  AC-30 

STOA 

114.44 

-44.16 

0.996 

7 

LTOA 

115,47 

-44.36 

0.997 

9 

Unaged 

138.99 

-54.13 

0.999 

7 

Koch  AC-30 

STOA 

133.91 

-51.96 

0.995 

7 

LTOA 

123.68 

-47.68 

0.998 

9 

Unaged 

144.48 

-56.31 

0.999 

7 

Marathon  AC-30 

STOA 

133.97 

-51.92 

0.997 

7 

LTOA 

130.96 

-50.56 

0.999 

9 

Unaged 

147.36 

-57.44 

0.999 

7 

Mariani  AC-30 

STOA 

138.37 

-53.71 

0.999 

7 

LTOA 

131.4 

-50.74 

0.999 

9 

Note:  * :  The  meaning  of  the  codes  for  the  asphalt  types  can  be  found  in  Table  3.1. 
1 :  Degree  of  freedom. 
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unaged  to  PAV  process  was  found  to  be  about  1 .0  shifted  upwards  in  this  study.  A  shift 
of  1  on  a  log  scale  represents  a  ten-fold  increase  in  values.  Figure  4.20  shows  the  plot  the 
constant-power  viscosity  at  25°C  versus  the  corresponding  dynamic  viscosity  at  a 
frequency  of  1  Hz.  Good  relationships  (R^  =  0.88)  were  found  between  the  logarithm  of 
dynamic  viscosity  and  the  logarithm  of  constant-power  viscosity.  If  the  material  tested  is 
purely  viscous  and  has  no  elastic  response,  the  dynamic  viscosity  would  be  equal  to  the 
true  viscosity.  However,  if  the  material  tested  has  an  elastic  response  as  well  as  viscous 
response,  the  dynamic  viscosity  would  be  lower  than  the  true  viscosity,  and  would 
decrease  as  the  testing  frequency,  w,  increases.  It  can  be  seen  that  the  constant-power 
viscosity  is  about  10  times  higher  than  the  dynamic  viscosity  at  1  Hz.  This  difference  can 
be  attributed  to  the  elastic  response  of  the  materials  tested. 
4.2.2  Bending  Beam  Rheometer  Test 

The  SHRP  Bending  Beam  Rheometer  tests  were  run  on  standard-size  asphalt 
binder  beam  specimens  using  a  load  of  980  ±  50  Newtons  for  a  duration  of  240  seconds  to 
determine  the  low  temperature  stiffhess  of  the  asphalt  binders.  In  SHRP  specification 
testing,  the  BBR  test  is  run  at  10°C  above  the  minimum  asphah  pavement  design 
temperature.  For  the  north  Florida  region,  the  Florida  Department  of  Transportation 
determined  that  a  preliminary  test  temperature  of  -12°C  will  be  used  in  BBR  test  for  a 
minimum  pavement  temperature  of -22°C  (-7.6°F). 

The  plots  of  flexural  creep  stiffhess  versus  loading  time  at  test  temperatures  of  - 1 2, 
-18  and  -24  °C  for  the  PAV+RTFOT-aged  asphalts  are  shown  in  Figures  4.21  through 
4.23.  It  can  be  seen  that  the  C1S2  (AC-10+3%SBR2879),  C1S7  (AC-10+3%SBR70)  and 
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Dynamic  Viscosity,  PaS 


Figure  4.20    Relationship  Between  Dynamic  Viscosity  at  1  Hz  and  Constant  Power 
Viscosity  at  25  °C 


I 


I 


109 


350 


0  I  1  1  1 — I   I  I  I  I  I  1  1  1 — I   I  I  I  I  I  1  1  1 — I   M  I  I 

lEO  lEl  1E2  1E3 

Time,  sec 
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Note:  CTIO- Coastal  AC- 10. 

C1S2  -  Coastal  AC-10+3%SBR2879. 

C1S7  -  Coastal  AC-10+3%SBR70. 

PM20  -  Ergon  PMAC-20. 

C3GT  -  Coastal  AC-30+10%GTR. 

CT30  -  Coastal  AC-30. 

KH30  -  Koch  AC-30. 

MT30  -  Marathon  AC-30. 

MA30  -  Mariani  AC-30. 

Figure  4.21    Plot  of  Creep  Stiffness  at  -12°C  Versus  Loading  Time  for  PAV+RTFOT- 
aged  Asphalt  Binders 
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Figure  4.22 


Plot  of  Creep  Stiffhess  at  -18°C  Versus  Loading  Time  for  PAV+RTFOT- 
aged  Asphalt  Binders 
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Figure  4.23    Plot  of  Creep  Stiffhess  at  -24  °C  Versus  Loading  Time  for  PAV+RTFOT- 
aged  Asphalt  Binders 
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C3GT  (AC-30+10%GTR)  have  substantially  lower  stiffness  than  the  others,  and  the 
MT30  (Marathon  AC-30)  and  MA30  (Mariani  AC-30)  have  significantly  higher  stiffness 
than  the  others  at  low  temperatures.  Also,  the  CT30  (Coastal  AC-30)  asphalt  has  a  higher 
stiffness  value  than  the  CTIO  (AC- 10)  asphalt  at  temperatures  of  -12,  -18  and  -24° C. 
Figure  4.24  shows  the  isochronal  plots  of  flexural  creep  stiffness  at  a  loading  time  of  60 
sec  for  RTFOT+PAV-aged  asphalts.  It  can  be  seen  that  the  C3GT  (AC-30+10%GTR), 
C1S2  (AC-10+3%SBR2879)  and  C1S7  (AC-10+3%SBR70)  have  substantially  lower 
stiffness  than  the  others  at  very  low  temperatures,  and  the  MT30  (Marathon  AC-30)  and 
MA30  (Mariani  AC-30)  have  significantly  higher  stiffness  than  the  others  at  low 
temperatures.  The  SHRP  binder  specification  requires  that  the  flexural  creep  stiffness 
cannot  exceed  300  MPa  at  a  loading  time  of  60  seconds.  The  limiting  stiffhess 
temperature  (below  which  low-temperature  cracking  would  occur)  is  10°C  below  the 
temperature  at  which  the  binder  reaches  this  stiffhess.  Results  of  the  BBR  test  at  a  loading 
time  of  60  seconds  and  their  predictive  limiting  stiffhess  temperatures  are  shown  in  Table 
4.7. 

Based  on  the  limiting  stiffhess  temperatures  fi^om  BBR  test,  CTIO  (AC- 10)  shows 
the  lowest  cracking  temperature  among  the  five  unmodified  asphalts.  The  GTR-  and 
SBR-modified  asphalts  have  lower  cracking  temperatures  than  the  unmodified  asphalts,  as 
'  seen  fi-om  the  limiting  stiffhess  temperatures.  These  results  show  that  SBR  and  GTR 
modifiers  can  be  used  to  improve  the  resistance  to  low-temperature  cracking. 
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 Temperature,  C  
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Note:  CTIO  -  Coastal  AC-10. 

C1S2  -  Coastal  AC-10+3%SBR2879. 

C1S7  -  Coastal  AC-10+3%SBR70. 

PM20  -  Ergon  PMAC-20. 

C3GT  -  Coastal  AC-30+10%GTR. 

CT30  -  Coastal  AC-30. 

KH30  -  Koch  AC-30. 

MT30  -  Marathon  AC-30. 

MA30  -  Mariani  AC-30. 


Figure  4.24    Isochronal  Plot  of  Creep  Stiffness  at  60  sec  Loading  Time  for 
PAV+RTFOT-aged  Asphalt  Binders 


Table  4.7  Results  of  Bending  Beam  Rheometer  Test  on  PAV+RTFOT-aged  Asphalt 
Binders 


Asphalt  Binders* 

CTIO 

C1S2 

C1S7 

PM20 

C3GT 

CT30 

KH30 

MT30 

MA30 

Creep  Stifl&iess  at 
-12°C(MPa) 

101.2 

75.9 

96.1 

119.1 

79.4 

115.9 

106.8 

157.0 

161.6 

Creep  Stifi&iess  at 
-18°C(MPa) 

209.8 

173.3 

186.9 

268.8 

177.4 

239.2 

251.2 

353.5 

367.9 

Creep  Stifl&iess  at 
-24  °C  (MPa) 

349.9 

281.5 

298.9 

444.4 

313.8 

476.8 

478.1 

596.3 

638.1 

Creep  Stiflhess  at 
-30°C(MPa) 

- 

647.5 

703.7 

- 

501.4 

774.9 

- 

- 

- 

Slope,  m  -value, 
at-12°C 

0.356 

0.358 

0.352 

0.338 

0.342 

0.341 

0.359 

0.355 

0.338 

Slope,  m  -value, 
at-18°C 

0.308 

0.339 

0.335 

0.319 

0.301 

0.302 

0.305 

0.274 

0.273 

Slope,  m  -value, 
at  -24  °C 

0.281 

0.303 

0.302 

0.263 

0.250 

0.248 

0.247 

0.222 

0.221 

Slope,  m  -value, 
at-30°C 

0.236 

0.216 

0.215 

0.206 

Temp,  at  300 
MPa  Stiflaiess,°C 

-21.9 

-25 

-24.1 

-19.1 

-23.4 

-19.5 

-19.3 

-16.4 

-16 

Limiting  Stiflhess 
Temperature,  °C 

-31.9 

-35 

-34.1 

-29.1 

-33.4 

-29.5 

-29.3 

-26.4 

-26 

PG  Grade 

58-28 

64-34 

70-34 

70-28 

76-28 

64-28 

64-28 

64-22 

64-22 

*Note:  The  meaning  of  the  codes  for  the  asphalt  types  can  be  found  in  Table  3.1. 
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4.2  .3  Direct  Tension  Test 

In  the  Direct  Tension  Test  (DTT),  the  asphah  binder  test  specimen  was  loaded  in 
tension  at  a  constant  rate  to  determine  the  strain  at  failure.  In  SHRP  specification  testing, 
the  critical  temperature  for  the  DTT  test  was  the  same  as  that  for  the  BBR  test  which  is 
10°C  below  the  minimum  asphalt  pavement  design  temperature. 

The  SHRP  binder  specification  establishes  the  failure  criterion  as  a  fracture  strain 
of  1 .0  %  or  less  when  the  sample  is  pulled  in  tension  at  1 .0  mm/min  strain  rate.  Results  of 
the  DTT  test  and  their  predictive  limiting  strain  temperatures  are  shown  in  Table  4.8.  The 
predictive  limiting  strain  temperatures  are  higher  as  compared  with  the  predictive  limiting 
stiffness  temperatures  fi-om  the  BBR  test.  This  means  that  the  DTT  is  more  conservative 
than  the  BBR  test. 

It  can  be  noted  that  the  C1S2  (AC-10+3%SBR2879),  C1S7  (AC- 10+3%  SBR70) 
and  C3GT  (AC-30+10%GTR)  have  substantially  higher  failure  strain  value  than  the 
Others  at  low  temperatures,  and  the  MT30  (Marathon  AC-30)  and  MA30  (Mariani  AC- 
30)  have  significantly  lower  failure  strain  value  than  the  others  at  low  temperatures.  These 

! 

results  are  consistent  with  those  of  BBR  test  in  showing  that  SBR  and  GTR  modifiers  can 
be  used  to  improve  the  resistance  to  low-temperature  cracking. 
4.2.4  SHRP  Binder  Performance  Grading 

There  are  two  forms  of  testing  associated  with  the  proposed  SHRP  binder 
specification  ;  conformance  testing  and  classification  testing.  The  conformance  testing  is 
an  accept/reject  form  of  testing  where  the  properties  of  a  binder  sample  are  compared  to 
the  required  properties  for  a  single  grade.  In  classification  testing,  a  coordinated  series  of 
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Table  4.8  Results  of  Direct  Tension  Test  on  PAV+RTFOT-aged  Asphalt  Binders 


Asphalt  Binders* 

CTIO 

C1S2 

C1S7 

PM20 

C3GT 

CT30 

KH30 

MT30 

MA30 

Failure 
Stress 
(Mpa) 

-12°C 

2.14 

2.57 

2.1 1 

1.84 

1.73 

1.79 

2.61 

2.13 

2.34 

-18°C 

2.24 

2.86 

2.13 

2.69 

1.77 

1.76 

2.68 

2.2 

2.38 

-24  °C 

2.95 

2.16 

2.89 

2.17 

2.33 

2.89 

1.86 

2.43 

Failure 

Strain 

(%) 

-12°C 

1.378 

3.848 

1.683 

0.965 

1.514 

0.834 

1.257 

0.700 

0.740 

-18°C 

0.402 

1.102 

0.608 

0.368 

0.465 

0.327 

0.457 

0.280 

0.289 

-24  °C 

0.360 

0.581 

0.365 

0.307 

0.294 

0.286 

0.367 

0.162 

0.189 

Temperature  at 
1%  Failure  Strain 

(°C) 

-14.2 

-19.2 

-15.8 

-11.7 

-14.9 

-10.0 

-13.9 

-7.7 

-8.5 

Limiting  Strain 
Temperature,  °C 

-24.2 

-29.2 

-25.8 

-21.7 

-24.9 

.20.0 

-23.9 

-17.7 

-18.5 

PG  Grade 

58-28 

64-34 

70-34 

70-28 

76-28 

64-28 

64-28 

64-22 

64-22 

*Note:  The  meaning  of  the  codes  for  the  asphalt  types  can  be  found  in  Table  3  .1. 
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tests  must  be  performed  to  classify  the  unknown  material  according  to  the  SHRP  binder 
specification.  The  classification  testing  is  employed  in  this  study  to  classify  performance 
grades  of  asphalt  binders  according  to  AASHTO  MPl,  "Standard  Specification  for 
Performance  Graded  Asphalt  Binder,"  and  AASHTO  PP6,  "Standard  Practice  for  Grading 
or  Verifying  the  Performance  Grade  of  an  Asphalt  Binder."  All  nine  asphalt  binders  were 
evaluated  by  the  SHRP  classification  testing.  The  test  resuhs  are  displayed  in  Table  A. 8. 
The  nine  asphalt  binders  are  classified  into  seven  PG  grades.  Both  CT30  (Coastal  AC-30) 
and  KH30  (Koch  AC-30)  can  be  classified  as  a  PG64-28  grade,  while  MT30  (Marathon 
AC-30)  and  MA30  (Mariani  AC-30)  can  be  classified  as  a  PG64-22  grade.  It  can  be 
noted  that  the  C3GT  (Coastal  AC-30+10%GTR)  is  classified  as  a  PG76-28  grade,  as 
compared  with  a  PG64-28  grade  for  the  unmodified  CT30  (Coastal  AC-30).  The  SHRP 
PG  grading  shows  that  the  GTR  addition  improves  the  high-temperature  performance 
while  the  low-temperature  performance  is  unaffected.  It  can  also  be  noted  that  the  C1S2 
(AC-10+3%SBR2879)  and  C1S7  (AC-10+3%SBR70)  are  classified  as  PG64-34  and 
PG70-34  grades,  respectively,  as  compared  with  a  PG58-28  grade  for  the  unmodified 
CTIO  (AC- 10).  This  means  that  the  SBR  modification  has  improved  both  the  high- 
temperature  and  the  low-temperature  performance  of  the  binder. 
4.2.5  Comparison  of  PG  Grade  and  Bitumen  Test  Data  Chart 
I         The  Bitumen  Test  Data  Chart  (BTDC)  consists  of  one  horizontal  scale  for  the 

temperature  and  two  vertical  scales  for  the  penetration  and  viscosity,  respectively.  The 

! 

consistency  of  an  asphalt  binder  at  different  temperatures  can  be  plotted  on  the  BTDC  to 

show  its  temperature  susceptibility.  The  BTDC  basically  allows  one  to  take  different 

I 
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physical  property  measurements  (viscosity,  penetration,  Fraass  temperature,  and/or 
softening  point)  and,  from  these,  predict  the  consistency  of  the  material  over  a  wide 
temperature  range.  Additionally,  it  is  a  good  idea  to  use  family  curves  of  the  BTDC  which 
could  show  the  effects  of  aging  on  an  asphalt  binder  over  a  wide  temperature  range. 
Figures  4.25  through  4.27  show  the  BTDC  plots  of  the  unaged,  RTFOT-aged,  and  PAV- 
aged  asphalt  binders.    It  can  be  seen  that  the  slopes  of  the  BTDC  plot  show  their 
temperature  susceptibility  and  can  be  used  to  compare  the  characteristics  of  the  original 
asphalt  binders  with  those  of  their  RTFOT-aged  and  PAV-aged  residues.  It  also  shows 
that  a  PG  Grade  with  a  wide  temperature  range  will  display  less  temperature  susceptibility 
in  the  BTDC  plots.  As  seen  fi-om  the  slopes  of  the  BTDC  plots,  the  temperature 
susceptibilities  of  the  C3GT  (Coastal  AC-30+10%  GTR)  and  C1S7  (Coastal  AC-10+3% 
SBR70)  modified  asphalts  are  significantly  lower  than  those  of  the  unmodified  asphahs 
before  or  after  aging  processes.  It  can  also  be  seen  that  the  GTR  and  SBR  modified 
asphalts  have  substantially  higher  viscosity  than  those  of  the  unmodified  asphalts  at  high 
temperatures,  while  the  effect  of  GTR  and  SBR  modifiers  are  small  at  low  temperatures. 

4  .3  Summary  of  Findings 
Based  on  the  results  of  conventional  binder  tests  and  SHRP  binder  tests,  the 
following  conclusions  are  made: 

I         1 .        Asphalts  generally  exhibit  weight  loss  (possibly  due  to  the  loss  of  volatile) 
1  during  the  RTFOT  process  and  weight  gain  (possibly  due  to  oxidation) 

during  the  PAV  process. 
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TEMPERATURE,°C 


Note:  CTIO- Coastal  AC- 10. 

C1S7  -  Coastal  AC-10+3%SBR70. 
C3GT  -  Coastal  AC-30+10%GTR. 
CT30  -  Coastal  AC-30. 


Figure  4.25    Bitumen  Test  Data  Charts  for  Unaged  Asphalt  Binders 
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Figure  4.26 


Bitumen  Test  Data  Charts  for  RTFOT-aged  Asphalt  Binders 


121 


EO 
El 

E2 
E3 


Fraass  Point 

PAV+RTFOT-aged  Bind 

^^^^^ 

X.     PG  76 

-28(C3GT) 

E 

E 

\_    \         ' '  ■ ,  _ 

E 

PG  58-28 

M  / 

(CTlOyX 

E 

PG 

64-28(CT30) 
PG  70-34 

(C1S7) 

E 
_F 

-20      0        25  60 

TEMPERATURE,"  C 


100 


135 


Note:  CTIO  -  Coastal  AC-10. 

C1S7  -  Coastal  AC-10+3%SBR70. 
C3GT  -  Coastal  AC-30+10%GTR. 
CT30  -  Coastal  AC-30. 


Figure  4.27    Bitumen  Test  Data  Charts  for  PAV+RTFOT-aged  Asphalt  Binders 
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2.  The  GTR-modified  asphalt  (AC-30+1 0%GTR)  showed  the  lowest  aging 
potential  based  on  penetration  and  Schweyer  viscosity  as  compared  with 
the  other  asphalt  binders. 

3.  The  Brookfield  rheometer  can  be  used  to  measure  the  viscosity  of  asphalt 
binder  at  60°C.  This  testing  apparatus  is  much  easier  to  perform  than  the 
conventional  capillary  tube. 

4.  The  SBR-modified  asphalts  exhibited  a  significant  improvement  in  capacity 
of  resisting  thermal  cracking  based  on  Fraass  breaking  point,  BBR  and 
DTT  tests. 

5.  The  results  from  the  DSR  test  indicate  that  the  modified  asphalt  binders, 
such  as  SBR-  and  GTR-modified  asphahs,  show  high  modulus  and  more 
elastic  behavior  than  unmodified  asphalt  at  high  temperature,  and  also 
show  lower  modulus  and  more  viscous  behavior  than  the  unmodified 
asphalts  at  low  temperature. 

6.  The  cracking  temperatures  as  predicted  by  SHRP  limiting  stiffness 
temperature  from  the  BBR  test  and  the  limiting  strain  temperature  from  the 
DTT  are  generally  lower  than  the  cracking  temperature  as  predicted  by 
constant  power  viscosity. 

7.  The  resuhs  from  the  BTDC  indicate  that  a  PG  grade  with  a  wide 
temperature  range  will  display  a  low  temperature  susceptibility  in  the 
BTDC.  Family  curves  of  the  BTDC  could  be  used  to  compare  the 
characteristics  of  a  binder  as  it  ages. 
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8.       Bitumen  Test  Data  Chart  (BTDC)  of  the  tested  binders  show  that  the  SBR- 
and  GTR-modified  binders  have  a  substantially  lower  temperature 
susceptibility  as  compared  with  their  corresponding  unmodified  binders  at 
the  unaged,  RTFOT-aged  and  PAV-aged  conditions. 


CHAPTER  5 
RESULTS  OF  MIXTURE  STRENGTH  TESTS 


5.1  Introduction 

An  experimental  program  was  conducted  to  evaluate  the  effects  of  different 
modifiers  and  aging  conditions  on  the  indirect  tensile  strength,  creep  compliance,  resilient 
modulus,  and  fracture  energy  of  compacted  asphalt  mixtures.  An  appropriate  statistical 
model  was  used  to  analyze  the  data  and  compare  different  modifiers  and  aging  conditions 
at  three  different  temperatures. 

5.2  Statistical  Model 
Statistical  analysis  using  the  ANOVA  model  was  used  to  determine  whether  the 
effect  of  main  factors  and  interactions  of  factors  are  significant.  The  effects  of  asphalt 
type  and  aging  method  were  studied  by  means  of  this  experiment  design.  The  test  results 
from  the  mixture  strength  tests  were  analyzed  according  to  the  factorial  experimental 
design  that  included  three  types  of  asphalt  and  three  types  of  aging  process.  Asphalt  (a) 
and  aging  method  (P)  are  regarded  as  fixed  effects.  The  following  linear  model  is  assumed 
for  any  single  response  variable  in  the  experiment: 
Y^=H  +  ai  +  Pj  +  (aP)ij  +  eij, 

where 

=    the  response  of  k*  replicate,  j*  aging  process,  and  i*  asphalt 
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the  overall  mean 

the  main  effect  of  i*  asphalt  type 

Pi= 

the  main  effect  of  j*  aging  process 

the  interaction  effect 

the  experimental  error 

I 

j= 

1  to  3  for  three  aging  processes 

k= 

1  to  3  for  three  replicates 

5  .3  Results  Of  Diametral  Resilient  Modulus  Test 

The  resilient  modulus  is  defined  as  the  ratio  of  applied  stress  to  corresponding 
instantaneous  or  total  recoverable  strain  during  repeated  loading.  Mixtures  wdth  high 
resilient  modulus  at  a  low  temperature  are  considered  to  be  too  brittle  to  resist  the  thermal 
and  load  associated  cracking.  At  low  temperatures,  a  low  elastic  modulus  is  beneficial  to 
prevent  a  rapid  accumulation  of  tensile  stresses  and  strains  during  temperature  drops. 
The  numerical  values  of  the  measured  total  and  instantaneous  resilient  modulus  at  test 
temperatures  of  0,  -10  and  -20  °C  for  all  mixtures  before  and  after  the  STOA  and  LTOA 
aging  processes  are  shown  in  Table  B  .  1  in  Appendix  B.  Because  of  the  very  short  loading 
time  (0. 1  second)  and  very  low  temperatures  involved  in  the  resilient  modulus  test,  some 

I 

test  resuhs  were  inconsistent  at  temperatures  of -10  and  -20°C.  The  cause  of  the 
inconsistency  might  be  due  to  micro  damage  sustained  in  the  asphalt  mixture  upon  cooling 

I 

to  low  temperatures,  or  that  the  LVDT  was  frozen  and  could  not  respond  normally.  The 
inconsistency  could  also  be  due  to  different  air  void  contents  of  the  mixtures  at  different 


aging  conditions.  In  general,  both  the  STOA  and  LTOA  aging  processes  tend  to  increase 
the  resilient  modulus  at  temperatures  of  0,  -10  and  -20 °C.  The  instantaneous  resilient 
moduli  are  slightly  higher  than  the  total  resilient  modulus  for  all  mixtures  before  and  after 
the  STOA  and  LTOA  aging  processes.  Comparisons  of  the  instantaneous  and  total 
resilient  moduli  plots  for  unmodified  and  modified  asphalt  mixtures  with  similar  air  void 
content  at  0,  -10  and  -20°C  are  shown  in  Figures  5. 1  and  5.2.  It  can  be  seen  that  the 
GTR-modified  asphah  mixtures  before  and  after  the  LTOA  process  have  lower 
instantaneous  and  total  resilient  moduli  as  compared  with  the  unmodified  mixtures.  The 
mixtures  with  SBR-modified  asphalt  have  lower  air  void  content  and  exhibit 
approximately  the  same  instantaneous  and  total  resilient  moduli  as  compared  with  the 
unmodified  mixtures. 

5  .4  Results  Of  Indirect  Tensile  Creep  Tests 
Asphalt  nuxtures  exhibit  viscoelastic  behavior.  Viscoelastic  deformation  is  the 
result  of  the  combined  elastic  and  viscous  response  of  the  material  when  subjected  to  an 
applied  load.  The  rheological  behavior  of  asphalt  mixtures  can  be  modeled  by  using 
different  combinations  of  Hookean  springs  and  Newtonian  dashpots.  Maxwell,  Kelvin, 
j  Van  der  Poel,  Burgers,  and  Kuhn  and  Rigden  models  are  well-known  rheological  models 
which  make  use  of  a  combination  of  Hookean  springs  and  Newtonian  dashpots.  Among 
these  models,  the  Burgers  model  is  a  simple  model  that  can  model  this  behavior  well.  The 
slope  and  intercept  fi-om  the  Burgers  model  were  used  to  evaluate  and  analyze  indirect 
tensile  creep  data  in  this  study.  This  model  is  illustrated  in  Figure  5.3.  In  this  model,  the 
top  spring  models  the  purely  elastic  deformation,  the  combined  middle  spring  and  dashpot 
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( b )  LTOA  Samples  at  Ultimate  Compaction 
Comparison  of  Instantaneous  Resilient  Moduli  of  Mixtures 
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Figure  5.2 


(  b )  LTOA  Samples  at  Ultimate  Compaction 
Comparison  of  Total  Resilient  Moduli  of  Mixtures 


Figure  5.3     Response  of  a  Burgers  Model  Subjected  to  a  Unit  Load 
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model  the  delayed  elastic  deformation,  and  the  lower  dashpot  models  the  purely  viscous 
flow.  Creep  testing  of  asphalt  mixtures  provides  information  on  elastic,  delayed  elastic 
and  viscous  components.  The  creep  compliance  from  a  creep  test  represents  the  strain 
caused  by  a  unit  stress.  It  can  be  represented  by  the  response  of  a  Burgers  model  subject 
to  a  unit  applied  stress.  The  creep  compliance  can  be  expressed  as:  1/Eo  +l/E,x(l-e"'*^'"'') 
+t/r|o    It  can  be  noted  that  at  large  t  the  slope  of  the  creep  compliance  plot  approaches 
1/t1o.  The  intercept  of  the  creep  compliance  plot  with  the  vertical  axis  is  equal  to  (l/E, 
+1/E,),  which  can  be  considered  to  be  equal  to  1 /(total  elastic  stiffhess)  of  the  mixture. 

Results  of  the  indirect  tensile  creep  tests  at  test  temperatures  of  0,  -10  and  -20  °C 
for  all  mixtures  before  and  after  the  STOA  and  LTOA  processes  are  shown  in  Table  B.2  in 
Appendix  B.  The  values  of  creep  compliance  at  19  different  times  and  one  average 
Poisson's  ratio  are  reported.  Comparisons  of  creep  compliance  at  1000  seconds  for  all 
mixtures  at  different  temperatures  and  after  different  aging  effects  are  shown  in  Figures 
5.4  and  5.5.  In  general,  the  creep  compliance  reduces  as  temperature  decreases  for  all 
mixtures.  The  creep  compliance  also  slightly  decreases  after  the  STOA  or  LTOA  process 
for  all  mixtures. 

An  investigation  was  made  to  determine  when  the  creep  compliance  versus  time 
plot  reaches  a  steady  state.  The  instantaneous  slopes  at  different  times  were  compared  to 
the  slope  at  1000  seconds.  It  was  found  that  in  general  at  times  beyond  500  seconds,  the 
observed  slope  changes  by  less  than  1%,  which  is  of  the  same  magnitude  as  the  expected 
experimental  error  from  this  test.  Thus,  it  was  concluded  that,  in  most  cases,  steady  state 
condition  was  reached  at  500  seconds. 
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'  Tables  5. 1  and  5  .2  summarize  the  air  void  contents  of  the  mixtures,  and  the 

intercepts  and  slopes  of  the  creep  compliance  plots,     of  the  regression  line  for 
determination  of  slopes  and  intercepts,  and  Poisson's  ratio  at  0,  -10  and  -20°C  for  all 
mixtures  tested  at  initial  and  ultimate  compaction  conditions.  Comparisons  of  the  slopes 
of  the  creep  compliance  versus  time  plots  for  unmodified  and  modified  asphalt  mixtures 
with  similar  air  void  content  at  0,  -10  and  -20  °C  are  shown  in  Figure  5.6.  At  O^C,  the 
SBR  modified  asphalt  mixtures  after  the  LTOA  process  have  lower  creep  compliance 
slopes  as  compared  with  the  urmiodified  mixtures.  At  the  test  temperatures  of -10  and  - 
20  °C,  the  mixtures  with  SBR-  or  GTR-modified  asphalt  exhibit  substantially  higher  creep 
compliance  slopes  as  compared  with  the  unmodified  mixtures.  A  mixture  with  higher 
creep  compliance  slope  (ie.  low  viscous  stiffhess)  would  strain  more  through  viscous 
deformation  and  not  build  up  tensile  stresses  at  low  temperatures.  Also,  comparisons  of 
the  intercepts  of  the  creep  compliance  versus  time  plots  for  unmodified  and  modified 
asphalt  mixtures  with  similar  air  void  content  at  0,  -10  and  -20°C  are  shown  in  Figure  5.7. 
It  can  be  seen  that  the  GTR  modified  asphalt  mixtures  before  and  after  the  LTOA  process 
have  higher  creep  compliance  intercepts  as  compared  with  the  unmodified  mixtures.  The 
mixtures  with  SBR  modified  asphalt  have  lower  air  void  content  and  exhibit  approximately 
the  same  creep  compliance  intercepts  as  compared  with  the  unmodified  mixtures  at  -10 
and  -20°C. 

5  .5  Results  Of  Indirect  Tensile  Stren^h  Tests 
The  indirect  tensile  strength  is  the  maximum  tensile  stress  that  a  specimen  can 

tolerate  before  fracture.  It  indicates  the  resistance  to  failure  of  asphalt  concrete  caused  by 

1 

I 


Table  5.1       Results  of  Analysis  of  Creep  Compliance  Data  for  Samples  of  Initial 
Compaction 


Asphalt 

Aging 

Temp. 

Air  VOIQ 

inicrccpi 

Slope 

K 

roisson  s 

Condition 

(C) 

(%) 

(1/psi) 

(1/psi) 

Ratio 

0 

o  c 
6.5 

1  ATCT"  A^ 

2.035E-06 

3.634E-09 

A  AAT 

0,997 

0.16 

Unaged 

-10 

1.614b-0o 

1    A/(AT7  AA 

A  AAC 

0.995 

A   1  A 

0.19 

-20 

O 

8.3 

T  1  1  cr?  AT 

7.1 15b-07 

1.565E-10 

A  ACO 

0.958 

0.25 

1  1 

1 1 

2.683b-06 

3.162E-09 

1  AAA 

1.000 

0.21 

AC30 

OA 

-10 

1 1.3 

1    '^ZTT?  AZ" 

1.26E-06 

1    ATIT?  AA 

1.032E-09 

A  A  Ail 

0.994 

0.24 

-20 

1 1.6 

O  C  T^l"*  AT 

8.577E-07 

A    CT^r^    1  A 

4.572E-10 

A  AAO 

0.998 

0.29 

0 

1 1.4 

1    C  1  CT?  AZ" 

2.197E-09 

A  AOA 

0.989 

0.24 

LTOA 

-10 

1 1.3 

1    1AOT*  A/" 

1.208E-06 

A  /*  A  j<          1  A 

9.604E-10 

0.997 

0.29 

-20 

11.2 

7.013E-07 

5.472E-10 

0.997 

0.31 

0 

7 

4.496E-06 

6.210E-09 

0.995 

0.21 

Unaged 

1  A 

-10 

6.8 

2.311E-06 

3.752E-09 

1.000 

0.23 

-20 

6.6 

1.031E-06 

6.003E-10 

0.995 

0.24 

0 

7.4 

3.714E-06 

4.469E-09 

0.998 

0.12 

AC30 

STOA 

-10 

7.6 

1.958E-06 

2.097E-09 

0.998 

0.18 

+vjrR 

-20 

7.8 

1.341E-06 

1.108E-09 

0.999 

0.23 

0 

7.7 

1    O  t  AT^  A/" 

1.810E-06 

6.664E-10 

0.972 

0.44 

LTOA 

-10 

7.8 

8.733E-07 

1.140E-09 

0.997 

0.33 

-20 

7  9 

0 

6.7 

3.255E-06 

4.120E-09 

0.998 

0.21 

Unaged 

-10 

6.8 

1.486E-06 

2.364E-09 

0.999 

0.25 

-20 

6.9 

7.278E-07 

3.243E-10 

0.998 

0.4 

0 

7.2 

3.148E-06 

4.482E-09 

0.999 

0.22 

ACIO 

STOA 

-10 

7 

1.071E-06 

6.928E-10 

0.998 

0.33 

+SBR 

-20 

6.8 

5.892E-07 

2.920E-10 

0.998 

0.33 

0 

6.8 

2.005E-06 

1.964E-09 

0.990 

0.38 

LTOA 

-10 

7 

1.105E-06 

9.447E-10 

0.997 

0.3 

-20 

7.2 

7.340E-07 

3.862E-10 

0.994 

0.26 
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Table  5.2       Results  of  Analysis  of  Creep  Compliance  Data  for  Samples  of  Ultimate 
Compaction 


Aging 

Temp. 

Air  Void 

Intercept 

Slope 

Poisson's 

Asphalt 

Condition 

(C) 

(%) 

(1/psi) 

(1/psi) 

Ratio 

0 

4.5 

2.975E-06 

2.811E-09 

0.994 

0.16 

Unaged 

-10 

4.5 

2.401E-06 

1.993E-09 

0.999 

0.14 

-20 

4.6 

1.108E-06 

6.091E-10 

0.996 

0.29 

0 

5.1 

2.086E-06 

3.176E-09 

0.998 

0.33 

AC30 

STOA 

-10 

4.8 

1.323E-06 

1.030E-09 

0.992 

0.3 

-20 

4.5 

4.421E-07 

1.293E-10 

0.971 

0.5/0.57 

0 

4.5 

1.772E-06 

1.228E-09 

0.994 

0.12 

LTOA 

-10 

4.7 

7.217E-07 

2.370E-10 

0.993 

0.32 

-20 

4.9 

5.921E-07 

2.465E-10 

0.984 

0.26 

0 

4.7 

2.394E-06 

2.473E-09 

0.997 

0.22 

Unaged 

-10 

4.6 

1.280E-06 

7.591E-10 

0.996 

0.2 

-20 

4.5 

5.151E-07 

1.680E-10 

0.997 

0.5/0.80 

0 

4.8 

2.180E-06 

1.366E-09 

0.983 

0.18 

AC30 

STOA 

-10 

4.9 

1.132E-06 

3.722E-10 

0.952 

0.17 

+GTR 

-20 

5 

6.461E-07 

2.149E-10 

0.977 

0.31 

0 

4.7 

1.936E-06 

1.558E-09 

0.993 

0.25 

LTOA 

-10 

4.9 

9.341E-07 

7.406E-10 

0.998 

0.32 

-20 

5.1 

6.904E-07 

2.531E-10 

0.994 

0.26 

0 

3.5 

2.433E-06 

2.684E-09 

0.998 

0.33 

Unaged 

-10 

3.6 

1.628E-06 

1.372E-09 

0.989 

0.35 

-20 

3.7 

6.687E-07 

4.324E-10 

0.999 

0.32 

0 

3.8 

2.614E-06 

3.219E-09 

0.998 

0.22 

ACIO 

STOA 

-10 

3.7 

1.315E-06 

9.600E-10 

0.996 

0.25 

+SBR 

-20 

3.6 

5.165E-07 

1.547E-10 

0.980 

0.50/0.51 

0 

3.6 

I.338E-06 

9.645E-10 

0.993 

0.41 

LTOA 

-10 

3.7 

8.080E-07 

5.392E-10 

0.994 

0.29 

-20 

3.9 

5.580E-07 

3.073E-10 

0.995 

0.25 
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-10 


Temperature,  °C 

( a )  Unaged  Samples  at  Initial  Compaction 
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( b )  LTOA  Samples  at  Ultimate  Compaction 


Figure  5.6     Comparison  of  the  Creep  Compliance  Slopes  for  Different  Asphalt  Mixes 
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( a )  Unaged  Samples  at  Initial  Compaction 


4.5&06 


«  4.0&06 

Q. 

3.5&06 

a 

8  3.0E-06 
B 

£  25E-06 

0) 

g  2CE-06 
.55 

1  1.5E-06 

0  1.0E-06 

Q. 

1  5.0&07 
o 

o.o&oo 


BAC30 
BAC30+GTR 

□  AC10+S8R 


-10 

Temperature,  °C 


-20 


( b )  LTOA  Samples  at  Ultimate  Compaction 


Figure  5.7     Comparison  of  the  Creep  Compliance  Intercepts  for  DiflFerent  Asphalt 
Mixes 
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tensile  stresses  and  can  be  used  for  predicting  the  thermal  cracking  potential  of  a  mixture. 
Asphalt  mixtures  that  can  tolerate  high  strains  prior  to  failure  are  more  likely  to  resist 
cracking  than  the  mixes  that  cannot  tolerate  high  strains.  Results  of  the  indirect  tensile 
strength  tests  at  -10°C  for  all  mixtures  at  initial  and  uhimate  compaction  conditions  are 
shown  in  Tables  5.3  and  5.4.  Reported  are  air  void  content,  tensile  strength,  horizontal 
strains  at  failure,  and  fracture  energy.  These  results  were  analyzed  by  using  the  statistical 
model  as  described  in  the  previous  section.  This  test  was  only  performed  at  -10°C  on 
samples  which  had  previously  been  tested  by  resilient  modulus  and  indirect  tensile  creep 
tests.  It  can  be  seen  that  the  air  void  content  of  the  samples  strongly  affects  their  tensile 
strength.  Mixes  with  higher  air  voids  tend  to  have  lower  tensile  strengths.  However, 
horizontal  strain  at  failure  is  apparently  not  affected  by  air  void  content.  Results  of 
ANOVA  and  Duncan's  grouping  on  the  indirect  tensile  strengths  for  all  mixtures  before 
and  after  STOA  and  LTOA  processes  are  shown  in  Table  5  .5.  The  test  results  indicated 
that  the  SBR  modified  mixtures  have  higher  tensile  strength  at  both  initial  and  ultimate 
compaction.  The  high  tensile  strengths  of  SBR  modified  samples  are  partly  attributed  to 
the  low  air  void  content  of  the  compacted  samples.  However,  the  aging  processes  did  not 
have  significant  effects  on  the  tensile  strengths  of  the  samples. 

Comparisons  of  tensile  strengths  for  all  of  the  test  mixtures  are  shown  in  Figure 
5.8.  These  plots  again  show  that  the  SBR-modified  mixtures  have  higher  tensile  strengths 
than  the  other  mixtures  at  similar  compaction  and  aging  conditions. 

Results  of  ANOVA  and  Duncan's  grouping  of  the  failure  strains  for  all  mixtures 
are  shown  in  Table  5.6.  It  can  be  seen  that  the  SBR  and  GTR  modified  mixtures  have 
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Table  5.3       Results  of  Indirect  Tensile  Strength  Test  on  Samples  of  Initial  Compaction 


Mixture 

Aging 

Air 

Tensile 

Failure 

Fracture 

Voids 

Strength 

Strain 

Enercv 

Condition 

no'  inch) 

Unaged 

9.9 

258.6 

462.3 

0.755 

Unaged 

7.0 

426.6 

762.3 

1.510 

Unaged 

8.3 

378.6 

621.0 

1.122 

STOA 

10.7 

334.6 

485.7 

0.719 

AC30 

STOA 

n.4 

259.4 

386.3 

0.429 

STOA 

n.8 

240.5 

493.1 

0.524 

LOTA 

10.6 

358.4 

483.0 

0.727 

LOTA 

11.7 

254.0 

245.9 

0.280 

LOTA 

11.6 

272.4 

506.3 

0.630 

Unaged 

6.9 

274.5 

818.9 

1.158 

Unaged 

6.9 

276.2 

661.4 

0.704 

Unaged 

6.6 

302.4 

1013.0 

1.496 

STOA 

8.8 

336.2 

627.5 

1.000 

AC30 

STOA 

7.0 

415.5 

890.6 

1.686 

+GTR 

STOA 

7.6 

387.9 

663.5 

1.106 

LOTA 

7.0 

454.9 

604.0 

1.266 

LOTA 

8.2 

364.0 

581.7 

0.834 

LOTA 

8.2 

359.8 

817.2 

1.419 

Unaged 

7.2 

387.6 

1052.2 

2.062 

Unaged 

6.7 

440.1 

759.4 

1.589 

Unaged 

6.5 

460.6 

1054.3 

2.419 

STOA 

7.1 

507.9 

356.2 

0.465 

ACIO 

STOA 

6.9 

555.4 

1096.6 

3.025 

+SBR 

STOA 

7.0 

539.5 

767.2 

1.997 

LOTA 

7.2 

495.1 

389.7 

0.560 

LOTA 

7.2 

492.2 

657.1 

1.487 

LOTA 

6.6 

581.4 

1151.6 

3.229 
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Table  5.4       Results  of  Indirect  Tensile  Strength  Test  on  Samples  of  Ultimate 
Compaction 


Mixture 

Aging 

Air  Voids 

Tensile 

Failure 

Fracture 

Strength 

Strain 

Energy 

Condition 

(%) 

(psi) 

(10*  inch) 

(psi) 

Unaged 

4.0 

327.6 

741.4 

1.032 

Unaged 

5.5 

197.2 

529.6 

0.472 

Unaged 

4.0 

367.7 

589.1 

0.968 

STOA 

5.4 

237.6 

448.6 

0.430 

AC30 

STOA 

4.8 

494.4 

674.9 

1.582 

STOA 

4.0 

607.5 

948.9 

2.661 

LOTA 

4.8 

527.6 

586.8 

1.414 

LOTA 

4.5 

591.8 

773.5 

2,071 

LOTA 

4.8 

475.2 

483.0 

1.039 

Unaged 

4.5 

455.1 

799.8 

1.801 

Unaged 

4.5 

460.0 

808.2 

1.718 

Unaged 

4.8 

434.9 

814.7 

1.701 

STOA 

4.7 

467.4 

531.5 

1.019 

AC30 

STOA 

5.0 

375.8 

739.3 

1.423 

+GTR 

STOA 

5.0 

372.6 

583.6 

0.995 

LOTA 

5.0 

391.3 

643.0 

1.211 

LOTA 

4.8 

355.1 

457.0 

0.757 

LOTA 

4.9 

380.2 

679.0 

1.257 

Unaged 

3.7 

410.8 

861.5 

1.521 

Unaged 

3.6 

536.5 

1128.6 

2.809 

Unaged 

3.5 

567.9 

830.4 

1.985 

STOA 

3.7 

577.9 

876.0 

2.142 

ACIO 

STOA 

3.6 

578.7 

895.5 

2.293 

+SBR 

STOA 

3.8 

571.1 

1080.6 

3.497 

LOTA 

3.8 

580.5 

785.0 

2.305 

LOTA 

3.7 

589.6 

819.9 

1.953 

LOTA 

3.6 

647.1 

1103.8 

2.873 

Table  5.5  Results  of  ANOVA  and  Duncan's  Grouping  on  Indirect  Tensile  Strength 


Model  Yyk=H+ai+Pj  +  (ap)y  +  ey 


ijk 


Dependent  Variable:  Indirect  Tensile  Strength 
Compact  Condition:  Initial 


Source 

ASPHALT,  a 
AGING,  p 
INTERACTION 


DF  ANOVA  SS  Mean  Square  F  Value  Pr>F 

2  171187.3505     85593.6753  34.39  0.0001 

2  11984.9457    5992.4728     2.41  0.1184 

4  38621.6847     9655.4212      2.88  0.0692 


R-Square  =  0.831970,     C.V.=  12.93395 

Duncan  Grouping      Mean  N  ASPHALT 


B 
B 
B 


Compact  Condition:  Ultimate 


495.52 
352.36 
309.22 


9 
9 


ACIO+SBR 
AC30+GTR 
AC30 


Source 

ASPHALT,  a 
AGING,  P 
INTERACTION 


DF  ANOVA  SS  Mean  Square  F  Value  Pr>F 

2  126316.3399  63158.1699     9.65  0.0014 

2  35193.1472  17596.5736      2.69  0.0952 

_4  73478.5111  18369.6278      2.81  0.0569 


R-Square  =  0.665980,     C.V.=  17.36866 
Duncan  Grouping  Mean 
A  562.23 


N 


ASPHALT 


ACIO+SBR 


B 
B 
B 


425.16 


410.26 


AC30 


AC30+GTR 


Note:  Means  with  the  same  letter  are  not  significantly  different  at  a=0.05. 
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( a )  Initial  Compaction 


7C» 


AC30  AC30+GTR  ACICH-SBR 

AsjlialtType 

( b )  Ultimate  Compaction 
Figure  5.8     Comparison  of  Indirect  Tensile  Strengths  of  Mixtures 


1 


Table  5.6  Results  of  ANOVA  and  Duncan's  Grouping  on  Failure  Strains 

Model  Yyk=  ^  +  tti  +  Pj  +  (aP)ij  + 

Dependent  Variable:  Failure  Strains 
Compact  Condition:  Initial 

Source                   DF    ANOVA  SS  Mean  Square  F  Value  Pr>F 

ASPHALT,  a            2     992979.8070    496489.9035      6.59  0.0031 

AGING,  p                2     392876.9404    196438.4702      2.61  0.0849 

INTERACTION  4  18926.8396  4731.7099  0.06  0.9925 
R-Square=  0.392920,     C.V.=  40.26501 


Duncan  Grouping 

Mean 

N 

ASPHALT 

A 

809.34 

18 

ACIO+SBR 

A 

A 

741.96 

18 

AC30+GTR 

B 

493.97 

18 

AC30 

Duncan  Grouping 

Mean 

N 

METHOD 

A 

800.51 

18 

linage 

A 

B  A 

640.72 

18 

STOA 

B 

B 

604.04 

18 

LOTA 

Compact  Condition:  Ultimate 

Source                   DF    ANOVA  SS  Mean  Square  F  Value  Pr>F 

ASPHALT,  a            2    909173.1470    454586.5735  10.05  0.0002 

AGING,  p                2      66834.0781      33417.0391  0.74  0.4835 

INTERACTION  4  127631.6419  31907.9105  0.71  0.5926 
R-Square  =0.451506,     C.V.=  28.41441 

Duncan  Grouping  Mean   N  ASPHALT 

A  931.23  18  ACIO+SBR 

B  672.88  18  AC30+GTR 

B 

B  641.72  18  AC30 

Note:  Means  with  the  same  letter  are  not  significantly  different  at  a=0.05. 
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higher  failure  strains  as  compared  with  the  unmodified  samples.  The  high  failure  strains 
may  be  due  to  the  more  elastic  behavior  of  the  mixtures.  Although  the  LTOA  mixtures 
have  higher  tensile  strengths,  they  are  more  brittle  as  shown  by  their  low  failure  strains. 

5.6  Fracture  Energy 

Fracture  energy  is  the  energy  required  to  cause  fracture  of  an  asphalt  mixture.  It  is 
determined  by  calculating  the  total  area  under  the  stress-strain  curve  from  an  indirect 
tensile  strength  test.  Comparisons  of  fracture  energies  at  test  temperature  of  -10°C  for 
different  material  effects  and  different  aging  effects  are  shown  in  Figures  5.9  and  5.10. 
The  resuhs  of  ANOVA  on  the  measured  fracture  energy  at  -10°C  along  with  the 
Duncan's  Multiple  Range  test  results  for  all  mixtures  are  shown  in  Table  5.7.  The  test 

I 

results  indicated  that  the  fracture  energy  slightly  decreases  after  the  STOA  or  LTOA 
process  for  the  samples  of  initial  compaction  at  -10°C.  This  shows  that  the  fracture 
energy  value  decreases  as  the  asphalt  binder  hardens.  As  seen  from  these  plots,  all  the 
SBR-modified  asphalt  mixtures  have  higher  fracture  energy  at  -10°C  than  that  of  mixtures 
containing  the  unmodified  AC-30.  At  initial  compaction  condition,  the  GTR-modified 

I 

mixture  has  significantly  higher  fracture  energy  than  the  unmodified  mix.  However,  at 
ultimate  compaction  condition,  the  difference  is  statistically  insignificant  as  seen  from  the 
results  of  Duncan  Grouping. 
!  ,  .    ,     5  .7  Summary  of  Findings 

The  conclusions  from  the  results  of  the  mixture  studies  are  summarized  as  follows; 

I 
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AC30+GTR 
^liialtType 


AClOt-SBR 


Figure  5.9     Comparison  of  Fracture  Energies  of  Mixtures  at  Initial  Compaction 
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Figure  5.10    Comparison  of  Fracture  Energies  of  Mixtures  at  Ultimate  Compaction 


Table  5.7  Results  of  ANOVA  and  Duncan's  Grouping  on  Fracture  Energy 

Model  Yyk=H+a,  +  Pj  +  (ap),j  +  ey^ 

Dependent  Variable:  Fracture  Energy 
Compact  Condition:  Initial 

Source                  DF    ANOVA  SS  Mean  Square  F  Value  Pr>F 

ASPHALT,  a            2     11594463.49     5797231.75  10.57  0.0002 

AGING,  p               2        698578.32      349289.16  0.64  0.5337 

INTERACTION       _4        924682.12      231170.53  0.42  0.7923 

R-Square  =  0.348736,     C.V.-  58.47566  ■      -  . 

Duncan  Grouping  Mean 

A  1870.3 


B 


1185.4 


744.0 


N  ASPHALT 

18  ACIO+SBR 

18  AC30+GTR 

18  AC30 


Compact  Condition:  Ultimate 


Source 

ASPHALT,  o 
AGING,  P 
INTERACTION 


DF  ANOVA  SS  Mean  Square  F  Value  Pr>F 

2  13662802.07  6831401.03  15.15  0.0001 

2  463749.58  231874.79  0.51  0.6014 

4  4027370.68  1006842.67  2.23  0.0904 


R-Square  -0.47225  ,     C.V.=  40.35258 


Duncan  Grouping 


B 
B 
B 


Mean 
2375.2 
1320.1 
1296.6 


N  ASPHALT 

18  ACIO+SBR 

18  AC30+GTR 

18  AC30 


Note:  Means  with  the  same  letter  are  not  significantly  different  at  a=0.05. 
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(1)  The  instantaneous  resilient  modulus  is  slightly  higher  than  the  total  resilient 
modulus  for  all  mixtures  before  and  after  the  STOA  and  LTOA  aging  processes. 
It  is  important  to  specify  the  type  of  resilient  modulus  measured. 

(2)  In  general,  both  STOA  and  LTOA  aging  processes  increase  the  resilient  modulus 
at  temperatures  of  0, -10  and -20°C. 

(3)  The  creep  compliance  decreases  as  temperature  decreases  and  also  slightly 
decreases  after  the  STOA  or  LTOA  process  for  all  mixtures. 

(4)  The  creep  compliance  of  a  mixture  at  a  later  time  could  be  predicted  by 
extrapolation  of  a  linear  regression  equation  after  it  reaches  a  steady  state 
condition,  which  usually  occurs  at  a  testing  time  of  approximately  500  sec. 

(5)  The  slope  and  intercept  from  the  Burgers  model  can  be  used  to  help  analyzed  the 
creep  compliance  versus  time  data.  The  intercept  of  the  steady  state  line  with  the 
vertical  axis  at  a  time  of  zero  represent  1 /(total  elastic  stiffness)  of  the  mixture. 

(6)  At  0°C,  the  SBR-modified  asphalt  mixtures  did  not  exhibit  a  lower  viscosity  (low 
creep  compliance  slope)  than  the  unmodified  mixtures  after  the  LTOA  process. 
However,  at  -10  and  -20  °C,  the  SBR-modified  mixtures  exhibit  substantially  lower 
viscosity  (higher  creep  compliance  slope)  than  the  unmodified  mixtures. 

(7)  The  GTR-modified  asphalt  mixtures  have  lower  resilient  moduli  and  lower  elastic 
stiffness  (higher  creep  compliance  intercepts)  as  compared  with  the  unmodified 
mixtures  before  and  after  the  LTOA  process.  The  SBR-modified  asphalt  mixtures 
exhibit  approximately  the  same  elastic  stiffness  (creep  compliance  intercepts)  and 
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resilient  moduli  as  compared  with  the  unmodified  mixtures  at  -10  and  -20  °C 
before  and  after  the  LTOA  process. 

(8)  The  SBR-modified  mixtures  have  higher  tensile  strengths  than  the  GTR-modified 
and  the  unmodified  mixtures.  Both  the  SBR  and  GTR  modified  asphalt  mixtures 
have  higher  failure  strains  than  the  unmodified  samples. 

(9)  The  fi-acture  energy  of  asphalt  mixtures  at  -10°C  decreases  slightly  after  the  STOA 
or  LTOA  process.  The  SBR-modified  asphalt  mixtures  have  higher  fi-acture 
energy  at  -10°C  than  that  of  mixtures  containing  the  unmodified  AC-30.  The 
GTR-modified  asphalt  mixtures  show  higher  fi^acture  energy  than  the  unmodified 
mixtures  at  initial  compaction.  However,  at  ultimate  compaction  condition,  the 
difference  is  statistically  insignificant. 

(10)  On  the  basis  of  indirect  tensile  creep  compliance,  tensile  strength,  failure  strain  and 
fi-acture  energy,  the  SBR-modified  mixtures  show  a  greater  potential  to  resist  low 
temperature  cracking  as  compared  with  the  unmodified  mixtures. 


CHAPTER  6 
RESULTS  OF  RHEOLOGICAL  TESTS 
ON  RECOVERED  ASPHALT  RESIDUES 

In  order  to  establish  the  relationship  between  the  properties  of  the  asphalt  mixtures 
and  those  of  binders,  asphalt  binders  were  extracted  and  recovered  from  various  asphalt 
mixtures  and  evaluated  for  the  rheological  properties.  Asphalt  binders  were  extracted  and 
recovered  from  the  STOA  and  LTOA-aged  mixtures  by  means  of  the  reflux,  centrifiige 
and  rotavapor  methods,  which  are  presently  used  by  the  Florida  Department  of 
Transportation.  All  of  the  recovered  STOA  and  LTOA  residues  were  evaluated  by  (1) 
Penetration  test  at  25 °C,  (2)  Brookfield  viscosity  test  at  60°C,  (3)  Dynamic  Shear 
Rheometer  (DSR)  test  at  high  service  temperatures  from  52  to  70°  C  on  the  STOA 
residues  and  at  intermediate  temperatures  from  13  to  3 1  °C  on  the  LTOA  residues,  (4) 
Bending  Beam  Rheometer  (BBR)  test  at  low  service  temperatures  of  -10  and  -24 °C. 
This  chapter  presents  the  results  of  these  rheological  tests  on  the  recovered  binders.  It 
also  presents  the  comparisons  between  the  aging  effects  of  the  SHRP  STOA,  LTOA, 
RTFOT  and  PAV. 

6  .1  Resuhs  Of  Conventional  and  SHRP  Binder  Tests 
Results  from  the  Penetration,  Brookfield  viscosity  and  Bending  Beam  Rheometer 
(BBR)  tests  on  the  recovered  binders  are  listed  in  Table  6. 1 .  The  analysis  of  these  results 
are  presented  in  following  sections. 
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6.1.1  Penetration 

The  penetration  test  on  the  recovered  binders  was  performed  at  25°C  according  to 
ASTM  D5  Standard  Test  Method.  The  data  as  shown  in  Table  6. 1  indicate  that  the 
penetration  of  the  recovered  binder  residues  are  lower  than  those  of  original  binders. 
Figure  6. 1  shows  the  graphical  display  of  the  average  percent  retained  penetration  of  the 
different  binder  residues  after  the  STOA  and  LTOA  processes.  It  can  be  seen  that  the 
Coastal  AC-30  +10%GTR  binder  has  the  lowest  aging  potential  by  having  the  highest 
percent  retained  penetration  after  the  STOA  and  LTOA  processes. 

I 

6.1.2  Brookfield  Viscosity 

The  benefit  of  using  Brookfield  Rheometer  instead  of  capillary  tube  is  the 
convenience  of  sample  preparation  and  cleaning  of  the  equipment  after  the  test.  The 
viscosities  at  a  shear  rate  of  1  sec''  obtained  in  the  Brookfield  rheometer  at  60°C  are  well 
correlated  with  their  corresponding  absolute  viscosity.  The  aging  index  which  is  the  ratio 

I 

between  the  viscosity  of  the  aged  residue  and  that  of  the  original  asphalt,  was  used  to 
represent  the  aging  severity.  Figure  6.2  shows  the  aging  index  of  the  STOA  and  LTOA 
residues  based  on  the  Brookfield  viscosity.  It  can  be  observed  that  the  Coastal  AC-30 
+10%GTR  and  Coastal  AC-10+3%SBR2879  binders  have  a  lower  aging  index  as 
compared  with  Coastal  AC-30  after  the  STOA  and  LTOA  processes. 

6.1.3  Bending  Beam  Rheometer  (BBR) 

The  SHRP  binder  specification  requires  that  the  flexural  creep  stiffness  cannot 
exceed  300  MPa  at  a  loading  time  of  60  seconds.  The  limiting  stiffness  temperature 
(below  which  low-temperature  cracking  would  occur)  is  10°C  below  the  temperature  at 
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Table  6.1  Results  of  Tests  on  STOA  and  LTOA  Recovered  Binder 


Asphalt  Binder 

Penetration 

Viscosity 

Creep  Stiffiiess  at  60sec, 

@25°C,  5sec, 

@60°C,  at  shear 

(MPa) 

lOOg,  (dmm) 

rate=l/s,  (poise) 

@-10°C 

@-24°C 

STOA  Residue 

CT30 

30.8 

43569 

64.3 

436.7 

27.7 

84477 

67.1 

448.5 

C3GT 

31.5 

84743 

42.5 

288.5 

29.7 

131245 

50.1 

352.3 

C1S2 

42.0 

16117 

52.8 

326.5 

39.6 

24603 

57.8 

352.0 

LTOA  Residue 

CT30 

23.8 

86578 

81.2 

444.1 

23,1 

96582 

85.4 

483.1 

C3GT 

29.5 

80304 

58.6 

295.2 

27.5 

163069 

67.6 

356.8 

C1S2 

33.2 

32536 

56.7 

332.9 

30.7 

43212 

64.9 

354.1 

NOTE:  CT30:  Coastal  AC-30 

C3GT:  Coastal  AC-30  +  10%GTR 
C1S2:  Coastal  AC-10  +  3%SBR(UP2879) 


Figure  6.1      Percent  Retained  Penetration  of  three  Asphalts  Aged  by  the  STOA  and 
LTOA  Processes 
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AC-30+10%GTR 
Asphalt  Type 


AC-1(H-3%SBR 


Figure  6.2      The  Comparison  of  Aging  Indices  of  three  Asphalts  Aged  by  the  STOA 
and  LTOA  Processes 
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which  the  binder  reaches  this  stiffhess.  Results  of  the  BBR  test  at  a  loading  time  of  60 
seconds  on  the  recovered  binders  are  also  shown  in  Table  6. 1 .  Figures  6.3  and  6.4  show 
the  plots  of  flexural  creep  stififtiess  at  a  loading  time  of  60  seconds  at  -10  and  -24  °C  for 
the  STOA  and  LTOA  residues.  It  can  be  seen  that  the  Coastal  AC-30+10%GTR  and 
Coastal  AC-10+3%SBR  binders  have  a  lower  stiffhess  value  as  compared  with  Coastal 
AC-30  binder  at  -10  and  -24°C  after  either  the  STOA  or  LTOA  process.  Figure  6.5  and 
6.6  show  the  plots  of  m-value  at  a  loading  time  of  60  seconds  at  -10  and  -24°C  for  the 
STOA  and  LTOA  residues.  It  can  be  observed  that  the  Coastal  AC-30  binder  has  the 
lowest  m-value  among  all  the  binders  at  -10  and  -24  °C  after  either  the  STOA  or  LTOA 
process. 

6. 1 .4  Dynamic  Shear  Rheometer  (DSR) 

An  isochronal  plot  is  a  plot  of  viscoelastic  parameters,  such  as  complex  shear 
modulus  or  phase  angle,  versus  temperature  at  a  specified  frequency.  In  testing  at  high 
service  temperatures,  the  selected  viscoelastic  parameters  at  a  lower  frequency  are  plotted 
against  temperature.  Figures  6.7  and  6.8  show  the  isochronal  plots  of  complex  shear 
modulus  and  phase  angle  at  a  frequency  of  0.01  Hertz  for  the  STOA  residues  at  high 
service  temperatures.  It  can  be  seen  that  the  Coastal  AC-30  +  10%GTR  binder  has  the 
highest  modulus  and  lowest  phase  angle  among  all  the  binders  at  temperatures  ranging 
from  52  to  70°C.  In  testing  at  intermediate  to  low  service  temperatures,  the  selected 
viscoelastic  parameters  at  a  higher  frequency  are  plotted  against  temperature.  Figures  6.9 
and  6  .10  show  the  isochronal  plots  of  complex  shear  modulus  and  phase  angle  at  a 
frequency  of  30  Hertz  for  the  LTOA  residues  at  intermediate  service  temperatures, 
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Figure  6.3  Isochronal  Plot  of  Creep  Stiffness  at  60  sec  Loading  Time  of  STOA 
I  Residues 
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Figure  6.4     Isochronal  Plot  of  Creep  Stiffness  at  60  sec  Loading  Time  of  LTOA 
,  Residues 
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Figure  6.5     Isochronal  Plot  of  m-value  at  60  sec  Loading  Time  of  STOA 
Residues 
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Figure  6.6     Isochronal  Plot  of  m-value  at  60  sec  Loading  Time  of  LTOA 
Residues 


Figure  6.7     Isochronal  Plot  of  Complex  Modulus  of  STOA  Residues  at  w=0.01  Hz 
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Figure  6.8     Isochronal  Plot  of  Phase  Angle  of  STOA  Residues  at  w=0.01  Hz 
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Figure  6.10    Isochronal  Plot  of  Complex  Modulus  of  LTOA  Residues  at  w=30  Hz 
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respectively.  It  can  be  seen  that  the  Coastal  AC-30+1 0%GTR  binder  has  the  lowest 
modulus  and  similar  phase  angle  among  the  binders  tested  at  temperatures  ranging  from 
13  to  3 1  °C.  This  means  that  GTR-  modified  asphahs  show  higher  modulus  and  more 
elastic  behavior  than  unmodified  asphalts  at  high  temperatures,  and  also  have  lower 
modulus  and  similar  phase  angle  to  unmodified  asphalts  at  intermediate  to  low 
temperatures. 

6.2  Comparison  Between  the  SHRP  Aging  Processes 
for  Asphalt  Mixtures  and  Those  for  Asphalt  Binders 

The  Strategic  Highway  Research  Program  (SHRP)  has  proposed  a  Short-Term 
Oven  Aging  (STOA)  process  to  simulate  the  aging  effects  of  hot  mixing  and  construction 
process  on  asphalt  mixtures,  and  a  Long-Term  Oven  Aging  (LTOA)  process  to  simulate 
the  effects  of  additional  aging  of  asphalt  mixtures  in  service  for  5  to  10  years.  The  SHRP 
STOA  process  basically  involves  heating  a  loose  asphalt  mixture  in  a  forced-draft  oven  for 
four  hours  at  a  temperature  of  1 3  5  °  C .  The  LTOA  process  involves  compacting  the 
mixtures  after  the  STOA  process  and  aging  the  compacted  specimens  in  a  forced-draft 
oven  at  85° C  for  five  days. 

In  the  SHRP  Superpave  binder  specification,  the  conventional  Rolling  Thin  Film 

Oven  Test  (RTFOT)  is  used  to  simulate  the  effects  of  the  hot-mix  process  on  a  binder,  and 

1 

the  Pressure  Aging  Vessel  (PAV)  is  used  to  simulate  additional  aging  of  the  binder  in 
service.  In  this  section,  the  effects  of  the  SHRP  STOA  and  LTOA  were  evaluated  by 
comparing  their  effects  on  the  asphalt  binders  to  those  produced  by  the  RTFOT  and  the 
PAV  processes.  Three  different  asphalt  binders  were  used  in  this  study.  The  three 
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different  asphalt  binders  were  blended  with  an  aggregate  with  a  fixed  gradation  and  at  a 
fixed  asphalt  content  (6.5%  by  weight  of  mix)  in  the  laboratory  to  produce  mixtures 
complying  with  the  specifications  for  a  dense-graded  surface  mixture  used  in  Florida. 
After  the  mixtures  were  subjected  to  the  STOA  and  the  LTOA  processes,  asphalt  binders 
were  extracted  and  recovered  by  means  of  the  reflux,  centrifiige  and  rotavapor  methods. 
The  same  original  asphalt  binders  were  also  subjected  to  the  RTFOT  and  PAV  processes. 
In  order  to  compare  and  evaluate  the  relationships  among  the  aging  effects  of  RTFOT, 

PAV,  STOA  and  LTOA  on  Florida  asphalt  cements,  three  asphalts  were  evaluated  by 

.  . .-  If  .  ,• 

Penetration  test,  Brookfield  viscosity  test,  Dynamic  Shear  Rheometer  (DSR)  test,  and 
Bending  Beam  Rheometer  (BBR)  test.  Results  from  the  Penetration,  Brookfield 
viscosity,  and  BBR  tests  on  RTFOT,  PAV,  STOA  and  LTOA  residues  are  listed  in  Tables 
6.2  and  6.3 .  Figure  6.11  shows  the  percent  retained  penetration  of  the  different  binder 
residues  by  the  processes  of  RTFOT,  PAV,  STOA  and  LTOA.  It  can  be  seen  that,  based 
on  relative  percent  retained  penetration,  the  order  of  aging  severity,  from  highest  to 
lowest,  is  PAV,  LTOA,  STOA,  and  RTFOT.  Figure  6. 12  shows  the  aging  index  of  the 
different  binder  residues  by  the  processes  of  RTFOT,  PAV,  STOA  and  LTOA.  It  can  be 
seen  that,  based  on  the  aging  index  as  computed  from  Brookfield  viscosity  at  60  °C,  the 

order  of  aging  severity  is  PAV,  LTOA,  STOA,  and  RTFOT.  This  order  of  aging  severity 

i 

is  the  same  as  that  based  on  percent  retained  penetration.  The  STOA  residues  are  more 

severely  aged  than  the  RTFOT  residues,  and  the  PAV  residues  are  more  severely  aged 

I 

than  the  LTOA  residues.  Figures  6.13  and  6. 14  show  the  plots  of  flexural  creep  stiffness 
at  a  loading  time  of  8,  60  and  240  seconds  at  -10  and  -24  °C  for  the  RTFOT,  PAV, 
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Table  6.2  Conventional  Binder  Test  Results  by  Different  Aging  Processes 


Asphalt  Binder 

Penetration  @25°C, 

Viscosity  @60°C,  at 

5  sec,  lOOg,  (dmm) 

shear  rate=l/s,  (poise) 

IJnaped  Binder 

CT30 

61.5 

3674 

C3GT 

44.1 

11404 

C1S2 

86.3 

2603 

RTFOT  Residue 

CT30 

36.0 

10849 

C3GT 

36.0 

43937 

C1S2 

51.7 

12889 

PAV+RTFOT  Residue 

CT30 

22.8 

80650 

C3GT 

19.0 

310481 

C1S2 

29.3 

48660 

STOA  Residue 

CT30 

29.3 

64023 

C3GT 

30.6 

107994 

C1S2 

40.8 

20360 

LTOA  Residue 

CT30 

23.5 

91580 

C3GT 

28.5 

121687 

C1S2 

31.9 

37874 

NOTE:         CT30:  Coastal  AC-30 
i  C3GT:  Coastal  AC-30  +  10%GTR 

C1S2:  Coastal  AC- 10  + 3%SBR(UP2879) 
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Table  6.3  Results  of  BBR  Test  on  Binders  aged  by  Different  Processes 


Asphalt  Binder 
(Temperature,  °C) 

Loading 
Time 
(sec) 

Creep  Stiffness  (MPa) 

RTFOT 

STOA 

PAV 

LTOA 

CT30(-10) 

8 

60 

1  oo  < 

57.5 
31.4 

lion 

65.7 
36.8 

1  O  1  1 

lol.  1 

90.6 
55.5 

16  /.4 

83.3 

48.5 

C3GT(-10) 

8 

60 

IJ.I 

39.3 
21.8 

oU.o 

46.3 
26.0 

1  1  O  0 

1  ly.Z 

61.7 
35.1 

IZO.U 

63.1 
36.4 

C1S2(-10) 

8 

60 

7"?  Q 

38.2 
18.9 

110.1 

55.5 
31.2 

IZU.  J 

59.5 
34.6 

1  TI  A 

60.3 
35,6 

CT30(-24) 

8 

60 
240 

723  3 
440.8 
289.9 

717  9 
442.6 
298,3 

74S  8 
476.8 
329.4 

79R  0 

463.6 
302.5 

C3GT(-24) 

8 

60 
240 

487.6 
292.9 
192.0 

532.0 
320.4 
211.5 

497.0 
313.8 
217.1 

535,8 
326.0 
211.5 

ClS2(-24) 

8 

60 
240 

567.9 
329.1 
210.1 

570.9 
339.3 
221.3 

584.5 
341.5 
225.3 

581.4 
343.5 
228.8 

NOTE:  CT30  Coastal  AC-30 

C3GT:  Coastal  AC-30  +  10%GTR 
C1S2;  Coastal  AC-10  +  3%SBR(UP2879) 
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Figure  6.11    Percent  Retained  Penetration  of  three  Asphalts  Aged  by  the  RTFOT, 
STOA,  PAV  and  LTOA  Processes 


Figure  6.12    The  Comparison  of  Aging  Indices  of  three  Asphahs  Aged  by  the  RTFOT, 
STOA,  PAV  and  LTOA  Processes 
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Figure  6.13    The  Comparison  of  Creep  Stiffness  at  8,  60  and  240  seconds  Loading  Time 
at  -10°C  of  Binders  aged  by  RTFOT,  STOA,  PAV,  and  LTOA  Processes 
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(  c  )  240  seconds 


Figure  6.14 


The  Comparison  of  Creep  Stiffness  at  8,  60  and  240  seconds  Loading  Time 
at  -24  °C  of  Binders  aged  by  RTFOT,  STOA,  PAV,  and  LTOA  Processes 
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STOA,  and  LTOA  residues.  It  can  be  seen  that,  based  on  creep  stiffness  values  at  -10°C, 
the  order  from  highest  to  lowest,  is  PAV,  LTOA,  STOA,  and  RTFOT.  However,  the 
residues  from  the  four  different  aging  processes  have  very  close  stiffness  value  at  a 
temperature  of -24°C.  It  also  can  be  observed  that  the  same  aging  order  is  observed  at 
different  loading  times  at  -10°C  or  -24°C.  Figures  6. 15  and  6. 16  show  the  plots  of  m- 
value  at  a  loading  time  of  60  seconds  at  -10  and  -24° C  for  the  RTFOT,  PAV,  STOA,  and 
LTOA  residues.  It  can  be  observed  that  the  order  based  on  the  m- value  at  -10  and  -24  °C 
from  lowest  to  highest  is  PAV,  LTOA,  STOA,  and  RTFOT.  This  order  of  m-value  is  the 
same  as  those  of  percent  retained  penetration  and  aging  index.  Figure  6. 17  shows  the 
plots  of  G*/sin6  at  a  frequency  of  10  rad/sec  at  high  service  temperatures  for  the  RTFOT 
and  STOA  residues.  It  can  be  observed  that  the  STOA  residues  have  higher  G*/sin6 
values  as  compared  with  the  RTFOT  residues  at  the  temperature  range  from  52  to  70°C. 
Figure  6. 18  shows  the  plots  of  G*xsin6  at  a  frequency  of  10  rad/sec  at  intermediate 
service  temperatures  for  the  PAV  and  LTOA  residues.  It  can  be  seen  that  the  LTOA 
residues  have  slightly  higher  G*xsin6  values  as  compared  with  the  PAV  residues  at 
temperatures  ranging  from  13  to  3 1  °C. 

6.3  Summary  of  Findings- 

The  main  conclusions  from  this  chapter  are  summarized  as  follows: 
(1)      The  results  from  the  Penetration  and  Brookfield  viscosity  indicated  that  the  GTR- 

modified  and  SBR-modified  recovered  binders  have  a  lower  aging  potential  than 

the  unmodified  binder. 
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Figure  6.15    The  Comparison  of  m- value  at  60  sec  Loading  Time  at  -10°C  of  Binders 
aged  by  RTFOT,  STOA,  PAV,  and  LTOA  Processes 


Figure  6.16    The  Comparison  of  m-value  at  60  sec  Loading  Time  at  -24  °C  of  Binders 
aged  by  RTFOT,  STOA,  PAV,  and  LTOA  Processes 
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Figure  6.17    The  Comparison  of  G*/sin6  of  RTFOT  and  STOA  Residues  at 
w=10  rad/sec  at  High  Service  Temperatures 


Figure  6.18    The  Comparison  of  G*xsin6  of  PAV  and  LTOA  Residues  at 
w=10  rad/sec  at  Intermediate  Service  Temperatures 

Note:  CT30:  Coastal  AC-30 

C3GT:  Coastal  AC-30  +  10%GTR 
C1S2:  Coastal  AC- 10  +  3%SBR 
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The  GTR-modified  and  SBR-modified  recovered  binders  exhibited  a  lower 
stiffness  and  higher  m- value  as  compared  with  the  unmodified  one  at  -10  and 
-24°C. 

The  GTR-modified  recovered  binder  showed  higher  modulus  and  more  elastic 
behavior  than  the  unmodified  asphalts  at  high  temperatures  and  also  exhibited 
lower  modulus  and  similar  phase  angle  as  compared  with  the  unmodified  asphalts 
at  intermediate  and  low  temperatures. 

Based  on  the  Penetration,  Brookfield  viscosity  and  m-value,  the  STOA  residues 
are  more  severely  aged  than  the  RTFOT  residues  and  the  PAV  residues  are  more 
severely  aged  than  the  LTOA  residues. 

The  results  fi"om  the  BBR  test  indicate  that  the  residues  fi"om  the  four  different 
aging  processes  have  very  close  stiffhess  values  at  a  temperature  of  -24  °C. 
However,  based  on  creep  stiffness  values  at  -10°C,  the  order  of  aging  severity 
fi-om  highest  to  lowest,  is  PAV,  LTOA,  STOA  and  RTFOT,  but  it  may  vary  for 
different  mixtures.  It  also  can  be  observed  that  different  loading  times  give  the 
same  aging  order  trend  at  -10°C  and  -24°C.  It  is  to  be  stressed  that  the  aging 
order  is  only  applicable  to  the  mixtures  used  in  this  study. 
The  results  from  the  DSR  test  indicate  that  the  STOA  residues  have  a  higher 
modulus  and  lower  phase  angle  than  the  RTFOT  residues  at  temperatures  ranging 
fi-om  52  to  70°C  and  the  LTOA  residues  have  a  higher  modulus  and  phase  angle 
than  the  PAV  residues  at  temperatures  ranging  fi-om  13  to  3 1  °C. 


CHAPTER  7 

RELATIONSHIP  BETWEEN  THE  BINDER  AND  MIXTURE  PROPERTIES 


This  chapter  presents  the  comparison  between  the  results  of  SHRP  and 
conventional  binder  tests  on  typical  asphalts  used  in  Florida.  The  relationships  between 
binder  and  mixture  properties  were  also  evaluated  and  presented  in  this  chapter. 

7.1  Comparison  of  Resuhs  of  SHRP  and  Conventional 
Binder  Tests  on  Florida  Asphah  Cements 
7. 1.1  Binder  Rheological  Properties  at  High  Service  Temperature 

Asphalt  mixtures  are  more  susceptible  to  rutting  and  shoving  at  high  service 
temperature  when  the  mixture  has  a  lower  viscosity  and  is  more  easy  to  creep  under  heavy 
loading.  At  high  pavement  service  temperature  when  the  binder  is  relatively  soft,  the 
strength  of  the  mixture  would  be  predominantly  affected  by  the  characteristics  of  the 
aggregate.  However,  when  the  aggregate  factor  is  fixed,  an  asphalt  binder  with  a  harder 
stiffness  or  higher  viscosity  should  give  better  rutting  resistance  to  the  asphalt  mixture. 

For  all  unmodified  asphalts,  and  most  modified  asphalts,  oxidative  aging  results  in 
increased  G*  values  and  decreased  6  values.  These  changes  result  in  more  resistance  to 
deformation  and  more  elasticity,  which  means  more  contribution  to  rutting  resistance.  It  is 
reasonable  that  the  SHRP  specification  has  minimum  limits  of  G*/sin6  on  the  unaged  and 
the  oven-aged  binders  to  control  tenderness  and  rutting.  However,  Reese  and  Goodrich 
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[42,  43]  found  that  G*/sin6  did  not  explain  the  rutting  which  occurred  at  the  laboratory 
creep  test  studies  and  the  Needles  test  road. 

The  values  of  G*/sin6  for  Florida  asphalts  were  compared  to  their  penetrations  and 
viscosities  at  similar  high  service  temperatures.  Figure  7. 1  shows  the  plot  of  Brookfield 
viscosity  at  a  shear  rate  of  1  s  '  and  a  temperature  of  60°C  versus  the  G*/sin6  at  64°C  for 
all  nine  asphalt  binders  before  and  after  the  RTFOT  process.  G*/sin6  increases  as  the 
viscosity  increases.  The  correlation  is  quite  good  (R^=0.90). 
7.1.2  Binder  Rheological  Properties  at  Intermediate  Service  Temperature 

At  intermediate  service  temperature,  an  asphalt  binder  behaves  partially  as  a  solid 
and  partially  as  a  liquid.  As  an  asphalt  binder  hardens  with  time,  the  stiffness  of  the 
asphalt  concrete  would  increase.  A  stiflFer  asphalt  concrete  would  cause  the  maximum 
load-induced  stress  to  increase,  and  increase  the  cracking  potential  of  the  pavement. 
Tayebali  [44]  stated  that  asphalt-aggregate  mixtures  with  lower  stiffhess  are  likely  to 
demonstrate  better  fatigue  resistance  under  controlled-strain  loading  than  their 
counterparts  with  higher  stiffhess.  Conversely,  laboratory  stress-controlled  fatigue  testing 
implies  that  stiffer  binders  are  more  resistant  to  fatigue  cracking  [45]. 

The  SHRP  binder  properties  used  for  control  of  the  fatigue  performance  of  asphalt 

binders  is  the  loss  modulus,  G*sin6,  which  is  measured  at  the  intermediate  pavement 

I 

temperatures  ranging  from  4  to  40°C.  It  is  based  on  the  dissipated  energy  theory  which  is 
directly  proportional  to  the  G*sin6  [46].  However,  Reese  and  Goodrich  [4]  found  that 
G*sin6  did  not  adequately  explain  a  binder's  contribution  to  fatigue  cracking  resistance  at 
the  laboratory  flexural  beam  studies  and  the  Needles  test  road. 
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Figure  7.1      Relationship  Between  Brookfield  Viscosity  at  60°C  and  G*/sin6  at  64°C 
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The  values  of  G*sin8  for  Florida  asphalts  were  compared  to  their  penetrations  and 
viscosities  at  intermediate  pavement  temperatures.  Figure  7.2  shows  the  penetration 
versus  the  G*sin6  at  25 °C  for  all  nine  asphalt  binders  before  and  after  the  RTFOT  and 
PAV  processes.  G*sin6  (loss  modulus)  increases  as  the  penetration  decreases.  The 
relationship  is  quite  good  (R^=0.88).  The  verification  of  results  between  penetration  and 
G*  at  25°C  was  plotted  in  Figure  7.3  [47].  It  can  be  seen  that  two  regression  equations 
are  very  close  to  each  other.  G*  increases  as  the  penetration  decreases. 

Figure  7.4  shows  the  Schweyer  constant  power  viscosity  versus  the  G*sin6  at 
25  °C  for  all  nine  asphalt  binders  before  and  after  the  RTFOT  and  PAV  processes.  G*sin6 
(loss  modulus)  increases  as  the  constant  power  viscosity  increases.  The  correlation  is 
quite  good  (R^=0.85). 

7.1.3  Binder  Rheological  Properties  at  Low  Service  Temperature 

When  an  asphalt  pavement  surface  is  cooled  down  by  weather,  contraction  strains 
are  induced  in  the  asphalt  concrete.  Thermal  cracking  will  occur  when  these  thermal 
contraction  strains  exceed  the  maximum  fracture  strain  of  the  asphalt  concrete,  and  is 
normally  manifested  by  transverse  cracks  on  the  asphalt  pavement. 

Because  of  the  complex  rheological  behavior  of  asphalt  cement  at  low 
temperatures,  it  is  generally  acknowledged  that  there  is  a  need  for  an  accurate  and  reliable 
measurement  of  its  consistency  at  low  temperatures.  The  simple  and  conventional 
approach  taken  to  reduce  thermal  cracking  is  to  use  low  AC -grade  asphalts,  which  tend  to 
be  less  stiff  at  low  temperatures.  Many  researchers  [11, 13, 15]  have  recommended  limiting 
viscosity  or  stiffness  values  of  asphalt  cement  or  HMA  for  a  particular  temperature  range 
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Figure  7.4     Relationship  Between  Constant  Power  Viscosity  and  G*sin6  before  and 
after  RTFOT  and  PAV  at  25°C 
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based  on  field  experiments.  A  stiffness  limit  of  300  MPa  for  a  loading  time  of  2  hours  or  a 
failure  strain  limit  of  1.0  %  for  an  elongation  rate  of  1.0  mm/min  has  been  used  in  the 
recent  SHRP  specification  to  reduce  low  temperature  cracking.  In  this  study,  four 
different  test  parameters  namely  Fraass  breaking  temperature,  viscosity  limit,  stiffhess  limit 
and  failure  strain  limit  were  used  to  evaluate  the  low  temperature  cracking  potential  of  the 
asphalt  cement. 

Figure  7.5  shows  the  plots  of  constant  power  viscosity  at  5°C  versus  the  Fraass 
temperature  for  all  nine  asphalt  binders  before  and  after  the  RTFOT  and  PAV  processes. 
Viscosity  increases  as  the  Fraass  breaking  temperature  increases.  The  relationship  is  fair 
(R^=0.75).  If  a  limiting  viscosity  of  2x  1 0'  Pa-S  is  used  to  predict  low  temperature 
cracking  [13],  the  estimated  cracking  temperature  would  likely  be  much  higher  than  the 
Fraass  temperature. 

Figure  7.6  and  7.7  show  the  plots  of  creep  stiffness  and  failure  strain  at  -12,  -18 
and  -24  °C  versus  the  Fraass  temperature  for  all  nine  asphalt  residues  after  the  PAV 
process.  Creep  stiffhess  increases  as  the  Fraass  breaking  temperature  increases.  The 
relationship  is  fair  (R^  from  0.78  to  0.81).  Failure  strain  decreases  as  the  Fraass  breaking 
temperature  increases.  The  relationship  is  poor  (R^  from  0.42  to  0.65)  as  compared  with 
the  relationship  between  failure  strain  and  the  Fraass  temperature, 
j         Figure  7.8  shows  the  creep  stiffhess  versus  the  failure  strain  at  -12,  -18  and  -24''C 

for  all  nine  asphalt  residues  after  the  PAV  process.  Creep  stiffiiess  decreases  as  failure 

i 

strain  increases.  The  relationship  is  quite  good  (R^  =  0.86)  as  compared  with  the  others. 


Figure  7.6     Relationship  Between  Fraass  Temperature  and  Creep  Stiffiiess  at  -12,  -18, 
and -24  °C  after  PAV 


Figure  7.7     Relationship  Between  Fraass  Temperature  and  Failure  Strain  at  -12,  -18, 
and  -24  °C  after  PAV 
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Figure  7.8     Relationship  Between  Creep  Stiffiiess  and  Failure  Strain  at  -12,  -18,  and 
-24°C  after  PAV 
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The  Fraass  breaking  temperatures,  predictive  limiting  stiffness  temperatures,  and 

t 

predictive  limiting  strain  temperatures  of  the  binders  are  shown  in  Table  7  .1.  The  low- 
temperature  cracking  temperature  as  predicted  by  the  Fraass  breaking  temperature  is 
higher  than  the  SHRP  predictive  limiting  strain  temperature  and  limiting  stiffhess 
temperature.  The  cracking  temperature  as  predicted  by  the  SHRP  predictive  limiting 
stiffhess  temperature  is  higher  than  the  predictive  limiting  strain  temperature. 
7.2  Relationships  Between  SHRP  Binder  and  Mixture  Properties  at  low  Temperatures 
In  this  study,  three  different  asphalt  binders  (conventional  and  modified)  were 
used.  The  three  different  asphalt  binders  were  blended  with  an  aggregate  with  a  fixed 
gradation  and  at  a  fixed  asphalt  content  (6.5  percent  by  weight  of  mix)  in  the  laboratory  to 
produce  mixtures  complying  with  the  Florida  specifications  for  a  dense-graded  structural 
(S-1)  mixture.  Marshall-size  specimens  were  compacted  in  the  Gyratory  Testing  Machine 
(GTM)  to  two  compaction  levels.  One  is  achieved  by  18  revolutions  with  the  GTM  and  is 
to  simulate  the  initial  field  compaction.  The  other  is  achieved  by  200  GTM  revolutions, 
and  is  to  simulate  the  condition  after  five  to  ten  years  of  traffic  on  the  pavement. 

The  GTM  compacted  asphalt  mixture  samples  were  evaluated  by  the  resilient 
modulus,  indirect  tensile  creep  and  strength  tests.  After  the  mixtures  were  evaluated  and 
tested  by  the  indirect  tensile  strength  test  at  -10°C,  asphalt  binders  were  extracted  and 

I 

recovered  by  means  of  the  reflux,  centriftige  and  rotavapor  methods,  which  are  presently 
used  by  the  Florida  Department  of  Transportation.  All  of  the  recovered  STOA  and  LTOA 

residues  were  evaluated  by  Bending  Beam  Rheometer  (BBR)  test  at  a  low  service 

1 

temperature  of  -10°C. 
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Figures  7  .9  and  7. 10  show  the  plots  of  binder  creep  stiflfhess  versus  mixture 
stiffhess  by  indirect  tensile  creep  test  at  -10°C  for  samples  of  both  compaction  conditions. 
Binder  stiffhess  increases  as  mixture  stiffhess  increases.  The  relationship  is  good  (R^  from 
0.77  to  0.80).  Comparison  of  the  prediction  equations  for  binder  stiffhess  versus  mixture 
stifl&iess  relationship  shows  that  the  equation  for  the  samples  of  ultimate  compaction  has  a 
higher  intercept  and  slope.  This  means  that  for  the  same  binder  stiffhess,  the  mixtures  at  a 
higher  compaction  level  would  have  a  higher  stiffhess. 

The  comparisons  of  the  relationships  between  binder  and  mixture  stiffhess  at  - 
10°C  for  mixtures  aged  by  the  STOA  and  LTOA  processes  are  shown  in  Figure  7. 1 1  and 
7.12,  for  initially  compacted  and  ultimately  compacted  samples,  respectively.  It  can  be 
seen  that  the  LTOA-aged  samples  have  higher  binder  and  mixture  modulus  as  compared 
with  the  STOA-aged  ones. 

Figures  7.13  and  7.14  show  the  plots  of  binder  m- value  versus  mixture  stiffhess  at 
-10°C  for  initially  compacted  and  ultimately  compacted  samples,  respectively.  Binder  m- 
value  decreases  as  mixture  stiffhess  increases.  The  correlation  is  better  for  the  initially 
compacted  specimens  (with     =  0.85)  than  for  the  ultimately  compacted  samples  (with  R^ 
=  0.42). 

Other  mixture  properties  were  plotted  against  the  corresponding  binder  stiffiiess  in 
an  attempt  to  find  possible  relationships.  Figures  7.15  through  7.18  show  plots  of  mixture 
instantaneous  resilient  modulus,  tensile  strength,  failure  strain,  and  fracture  energy  versus 
binder  stiffhess  at  -10°C  for  both  STOA-  and  LTOA-aged  samples.  The  correlations 
between  these  mix  properties  and  the  binder  stiffhess  appear  to  be  fairly  poor. 
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Compacted  Samples  Aged  by  the  STOA  and  LTOA  Processes 
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Figure  7.12  Relationships  Between  Mixture  and  Binder  Stiffiiess  for  Ultimately 
I  Compacted  Samples  Aged  by  the  STOA  and  LTOA  Processes 
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Figure  7.13    Relationships  Between  Mixture  and  Binder  m-value  at  60  Seconds  Loading 
Time  for  Initially  Compacted  Samples 
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Figure  7.14    Relationships  Between  Mixture  and  Binder  m-value  at  60  Seconds  Loading 
Time  for  Ultimately  Compacted  Samples 
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Figure  7. 1 5    Plot  of  Mixture  Resilient  Modulus  versus  Binder  Stiffiiess  at  - 1 0  °  C 
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Figure  7. 1 6    Plot  of  Mixture  Failure  Strain  versus  Binder  Stiflfhess  at  - 1 0  °  C 
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Figure  7.17    Plot  of  Mixture  Tensile  Strength  versus  Binder  Stiffness  at  - 1 0  °  C 
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Figure  7.18    Plot  of  Mixture  Fracture  Energy  versus  Binder  Stiffness  at  -10°C 
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Figure  7. 19  shows  plots  of  mixture  instantaneous  resilient  modulus  versus  mixture 
stiffness  at  1  second  as  determined  by  the  indirect  tensile  creep  test  for  all  mixture 
samples.  It  can  be  seen  that  the  resilient  modulus  is  very  close  to  the  stiffness  of  the 
mixture.  The  correlation  is  quite  good  (R^=0.80). 

7.3  Summary  of  Findings 

The  main  findings  from  this  part  of  the  study  are  summarized  as  follows: 

(1)  There  exists  a  good  relationship  between  the  Brookfield  viscosity  at  60°C  and  the 
G*/sin6  at  64°C  for  all  nine  asphalt  binders  before  and  after  the  RTFOT  process. 
G*/sin6  increases  as  the  viscosity  increases. 

(2)  The  penetration  and  constant  power  viscosity  show  a  good  correlation  with  the 
G*sin6  (loss  modulus)  at  25  °C  for  all  nine  asphah  binders  before  and  after  the 
RTFOT  and  PAV  processes. 

(3)  The  Fraass  temperature  shows  a  fair  correlation  with  the  creep  stiffness  at  -12,  -18 
and  -24 °C  and  with  the  constant  power  viscosity  at  5°C  for  all  nine  asphah 
residues  after  the  PAV  process.  Hence,  Fraass  temperature  could  be  used  as  an 
indicator  of  low  temperature  cracking  resistance  as  the  creep  stiffness. 

(4)  A  good  relationship  was  found  between  the  SHRP  creep  stiffhess  and  the  failure 
strain  at  -12,  -18  and  -24  °C  for  all  nine  asphalt  residues  after  the  PAV  process. 
Creep  stiffhess  decreases  as  failure  strain  increases. 

(5)  The  cracking  temperature  as  predicted  by  the  Fraass  breaking  point  temperature  is 
higher  than  the  SHRP  limiting  stiffhess  temperature  and  limiting  strain 
temperature. 
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Figure  7.19    Plot  of  Mixture  instantaneous  resilient  modulus  versus  Mixture  Stiffiiess  at 
1  second  as  determined  by  the  indirect  tensile  creep  test 
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A  good  relationship  was  found  between  the  SHRP  binder  creep  stiffhess  and  the 
mixture  stiffhess  at  -10°C.  Binder  stiffhess  increases  as  mixture  stiffhess  increases. 
With  the  same  binder  stiffhess,  the  more  densified  mixtures  show  higher  mixture 
stiffhess. 

The  LTOA  aged  mixtures  have  higher  mixture  resilient  modulus,  binder  stiffhess 
and  lower  binder  m-value  as  compared  with  the  STOA  aged  ones. 
The  relationship  between  binder  creep  stiffhess  and  mixture  creep  stiffhess  is  good. 
However,  there  are  poor  correlations  between  the  binder  stiffhess  and  the 
mixture's  resilient  modulus,  tensile  strength,  failure  strain,  and  fracture  energy. 


CHAPTER  8 
CONCLUSIONS  AND  RECOMMENDATIONS 

8.1  Conclusions 

A  laboratory  study  was  conducted  to  evaluate  the  relationships  between  the  results 
of  the  SHRP  binder  tests  and  the  cracking  resistance  of  the  asphalt  mixtures  under  Florida 
conditions.  The  scope  of  the  study  covers  six  different  base  asphalts  from  five  different 
refinery  sources  and  three  types  of  modifiers,  namely  a  ground  tire  rubber  (GTR),  styrene- 
butadiene  rubber  (SBR)  and  styrene  block  copolymer.  The  main  findings  from  this  study 
are  summarized  in  following  sections. 

8.1.1  Relationship  Between  SHRP  Binder  and  Conventional  Binder  Test  Resuhs 
The  SHRP  dynamic  shear  rheometer  (DSR)  test  measures  the  viscoelastic 
properties  of  a  binder  at  intermediate  and  high  pavement  service  temperatures.  Results  of 
the  DSR  tests  compare  well  to  results  of  conventional  tests  on  the  same  binders  at  similar 
temperatures.  The  G*sin6  and  G*  values  were  found  to  be  inversely  proportional  to  the 
penetration  at  25  °C,  with  R^  values  of  0.89  and  0.91,  respectively.  The  G*sin6  value  is 
linearly  proportional  to  the  constant  power  viscosity  at  25  °C  (R^  =  0.87).  The  dynamic 
viscosity  (r\*)  measured  at  1  Hz  is  linearly  proportional  to  the  constant  power  viscosity  at 
25  °C  (  R^  =  0.88).  The  G*/sin6  value  at  64  °C  is  found  to  be  linearly  proportional  to  the 
viscosity  at  60  °C  (R^  =  0.90).  While  the  data  for  viscosity  at  64  °C  were  not  available 
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for  comparison  purpose,  it  is  expected  that  the  G*/sin8  value  at  64  °C  should  correlate 
well  to  the  viscosity  at  64  °C. 

The  SHRP  bending  beam  rheometer  (BBR)  test  measures  the  stiffiiess  of  a  binder 
at  low  service  temperatures.  The  creep  stiffness  as  measured  by  the  BBR  at  low 
temperatures  correlates  well  with  the  Fraass  breaking  point  temperature,  with  values 
ranging  from  0,78  to  0.81 .  The  creep  stiffness  at  -12,  -18  and  -24  °C  increases  as  the 
Fraass  breaking  point  temperature  decreases.  However,  the  cracking  temperature  as 
predicted  by  the  Fraass  breaking  point  temperature  is  slightly  higher  than  that  predicted  by 
the  SHRP  limiting  stiffness  as  measured  by  the  BBR. 

The  SHRP  direct  tension  test  (DTT)  measures  the  failure  strain  of  a  binder  at  low 
service  temperature.  The  failure  strain  as  measured  by  the  DTT  at  low  temperatures 
correlates  poorly  to  the  Fraass  breaking  point  temperature  (with  R^  values  ranging  from 
0.42  to  0.65).  The  cracking  temperature  as  predicted  by  the  SHRP  limiting  strain  as 
measured  by  the  DTT  is  slightly  lower  than  that  predicted  by  the  Fraass  temperature,  but 
slightly  higher  than  that  predicted  by  the  SHRP  limiting  stiflftiess  as  determined  by  the 
BBR. 

The  conventional  Bitumen  Test  Data  Chart  (BTDC)  could  be  used  to  display  the 
temperature  susceptibility  of  an  asphalt  binder.  The  range  of  service  temperature  of  a 
SHRP  PG  grade  asphalt  can  be  clearly  shown  on  a  BTDC.  The  changes  of  the 
characteristics  of  a  binder  as  it  ages  could  also  be  clearly  shown  on  a  BTDC. 
8. 1.2  Relationship  Between  Binder  and  Mixture  Properties 

The  SHRP  indirect  tensile  creep  test  measures  the  creep  compliance  of  an  asphalt 
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mixture  at  low  temperatures.  The  slope  and  intercept  from  the  Burgers  model  were  used 
to  analyze  the  creep  compliance  versus  time  data.  The  creep  compliance  as  a  function  of 
time  (t)  can  be  expressed  as:  1/Eo  +l/E,x(l-e"'^'">')  +t/Tio    At  a  large  t,  the  slope  of  the 
creep  compliance  plot  approaches  1/t1o  or  l/(viscosity  of  the  mix).  The  interception  of  the 
creep  compliance  plot  with  the  vertical  axis  is  equal  to  (l/Ej  +1/Ej),  which  can  be 
considered  to  be  equal  to  1 /(total  elastic  stiffhess  of  the  mixture).  It  was  found  that,  for 
most  of  the  mixtures  tested,  the  change  in  creep  compliance  reached  a  steady  state  at  a 
time  of  500  seconds,  and  it  was  possible  to  predict  the  creep  compliance  at  1000  seconds 
or  beyond  by  running  the  creep  test  only  up  to  500  seconds. 

The  mixture  stiffness  at  8,  16,  30,  60,  120  and  240  seconds  as  determined  by  the 
indirect  tensile  creep  test  at  -10°C  was  found  to  be  linearly  related  to  the  binder  creep 
stiffhess  at  the  same  loading  time  (with     values  ranging  from  0.77  to  0.86). 

The  tensile  strength,  failure  strain  and  fracture  energy  of  the  mixtures  at  -10°C  as 
measured  by  the  indirect  tensile  strength  tests  were  found  to  be  not  related  to  the  binder 
creep  stiffhess  at  the  same  temperature. 

Diametral  resilient  modulus  tests  were  run  using  the  test  set-up  for  the  SHRP 
indirect  tensile  test.  The  resilient  modulus  was  found  to  be  close  and  related  to  the 
stiffhess  of  the  mixture  at  1  second  as  determined  by  the  indirect  tensile  creep  test.  Thus, 
it  is  possible  to  estimate  the  resilient  modulus  from  the  mixture  stiffhess  at  1  second  as 
determined  by  the  indirect  tensile  creep  test. 

8. 1 .3  Comparison  Between  SHRP  Aging  Processes  for  Asphalt  Binders  and  Mixtures 

In  the  SHRP  Superpave  specification,  the  Rolling  Thin  Film  Oven  Test  (RTFOT) 
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is  intended  to  simulate  the  effects  of  the  hot-mix  process  on  a  binder,  and  the  Short-Term 
Oven  Aging  (STOA)  process  is  to  simulate  the  aging  effects  of  hot  mixing  and 
construction  process  on  asphalt  mixtures.  Based  on  the  penetration,  viscosity  and  creep 
stiffness  of  the  aged  binders,  the  STOA  was  seen  to  be  a  more  severe  aging  process  as 
compared  with  the  RTFOT. 

The  SHRP  Pressure  Aging  Vessel  (PAV)  is  intended  to  simulate  additional  aging 
of  the  binder  in  service,  and  the  Long-Term  Oven  Aging  (LTOA)  process  is  to  simulate 
the  effects  of  additional  aging  of  asphalt  mixtures  in  service  for  5  to  10  years.  Based  on 
the  penetration,  viscosity  and  creep  stiffiiess  of  the  aged  binders,  the  PAV  was  seen  to  be 
a  more  severe  aging  process  as  compared  with  the  LTOA. 

Based  on  creep  stiffness  values  of  the  aged  binders  at  -10°C,  the  order  of  aging 
severity  from  highest  to  lowest,  is  PAV,  LTOA,  STOA  and  RTFOT.  It  also  can  be 
observed  that  different  loading  times  give  the  same  aging  order  trend. 

The  results  from  the  DSR  test  indicate  that  the  STOA  residues  have  a  higher 
modulus  and  lower  phase  angle  than  the  RTFOT  residues  at  temperatures  ranging  from  52 
to  70°C  and  the  LTOA  residues  have  a  higher  modulus  and  phase  angle  than  the  PAV 
residues  at  temperatures  ranging  from  13  to  3 1  °C. 
8. 1 .4  Effects  of  GTR  and  SBR  Additives  on  Asohah  Binders 

As  compared  with  the  base  asphalts,  the  SBR-  and  GTR-modified  asphalts  were 
seen  to  have  lower  Fraass  temperatures,  lower  stiffness  and  higher  failure  strains  at  low 
temperatures,  higher  penetration,  higher  viscosity  and  higher  G*sin6  at  intermediate  to 
high  temperatures. 


Plots  of  the  SBR-  and  GTR-modified  binders  on  a  BTDC  show  that  they  are  lower 
temperature  susceptibility  as  compared  with  their  corresponding  unmodified  binders  at 
the  unaged,  RTFOT-aged  and  PAV-aged  conditions. 
8.1.5  Effects  of  GTR  and  SBR  Additives  on  Asphah  Mixtures 

As  compared  with  the  unmodified  asphalts  mixtures,  the  SBR-modified  asphalt 
mixtures  were  seen  to  have  higher  creep  compliance,  tensile  strength,  failure  strain  and 
fracture  energy  at  low  temperatures,  which  indicate  a  greater  potential  to  resist  low 
temperature  cracking.  The  GTR-modified  asphalt  mixtures  showed  lower  resilient 
modulus  than  that  of  the  unmodified  mixtures. 

It  was  found  that  the  SBR-modified  asphalt  mixtures  did  not  exhibit  a  lower 
viscosity  (low  creep  compliance  slope)  than  the  unmodified  mixtures  after  the  LTOA 
process  at  0°C.  However,  at  -10  and  -20 °C,  the  SBR-modified  mixtures  exhibit 
substantially  lower  viscosity  (higher  creep  compliance  slope)  than  the  unmodified 
mixtures.  The  GTR-modified  asphalt  mixtures  have  lower  elastic  stiffness  (higher  creep 
compliance  intercepts)  as  compared  with  the  unmodified  mixtures  before  and  after  the 
LTOA  process.  The  SBR-modified  asphalt  mixtures  exhibit  approximately  same  elastic 
stiffness  (creep  compliance  intercepts)  and  resilient  moduli  as  compared  with  the 
unmodified  mixtures  at  -10  and  -20  °C  before  and  after  the  LTOA  process. 

8.2  Recommendations  for  Further  Research 

Based  on  the  results  of  this  study,  the  following  recommendations  for  further 
research  are  suggested: 
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(1)  Additional  research  is  needed  to  evaluate  the  slope  and  interception  of  the  creep 
compliance  versus  time  plots  of  the  asphah  mixtures  tested  in  the  indirect  tensile 
creep  test.  These  parameters  might  be  able  to  be  used  to  estimate  the  elastic 
modulus  and  the  viscosity  of  the  asphalt  mixture. 

(2)  Results  of  other  research  have  suggested  that  SHRP  test  parameters  such  as, 
G*/sin6  and  G*xsin6  of  the  binder,  might  not  correlate  with  the  performance  of 
the  asphalt  mixture  in  the  field.  Further  evaluation  of  these  parameters  are  needed, 
especially  on  their  applicability  to  local  conditions. 

(3)  Two  problems  might  occur,  when  the  modified  asphalt  binders  are  extracted  and 
recovered  by  means  of  the  reflux,  centrifuge  and  rotavapor  methods.  First,  the 
extracted  asphalt  might  have  a  higher  viscosity  because  of  solvent  aging.  Second, 
the  extracted  binder  might  have  a  lower  viscosity  caused  by  incomplete  extraction. 
The  modifiers,  such  as  ground  tire  rubber,  might  clog  the  filter  of  reflux  during 
extraction.  Further  work  addressing  these  problems  is  needed. 
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Table  A.l  Penetration  of  Asphalt  at  25°C  before  and  after  the  RTFOT  and  PAV 
processes 


A  f^T^T  TAT  'T^ 

ASPHALT 

Penetration  of 

Penetration  of  RTFOT 

Penetration  of  PAV 

TVPF* 

original  binder 

aged  residues 

aged  residues 

mean 

rpnliratp^ 

mean 

mean 

CTIO 

90 

92 

53 

52.5 

32 

31.85 

94 

52 

31.7 

C1S2 

87.6 

86.3 

51.7 

51.7 

29.7 

29.3 

8S 

51.7 

29 

C1S7 

77.8 

78.1 

50.7 

51.4 

26.3 

27.1 

78.3 

52 

28 

PM20 

74 

74.7 

43.3 

44.2 

28 

28 

75.4 

45 

28 

C3GT 

44 

44.1 

36 

36 

19.7 

19 

44,3 

36 

18.3 

CT30 

61 

61.5 

36 

36 

22.5 

22.75 

62 

36 

23 

KH30 

62 

61.3 

38 

38.5 

24 

24.4 

60.6 

39 

24.8 

MT30 

53 

54 

35 

35 

22.3 

22.05 

55 

35 

21.8 

MA30 

50 

50.7 

33.3 

33.8 

21 

21.75 

51.5 

34.3 

22.5 

*Note:  The  meaning  of  the  codes  for  the  asphalt  types  can  be  found  in  Table  3.1. 
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Table  A.2  Absolute  Viscosity  of  Asphalts  at  60°C  before  and  after  the  RTFOT  and  PAV 
processes. 


ASPHALT 
TYPE* 

Viscosity  of  original 
binder  (poise) 

Viscosity  of  RTFOT 
age  residues  (poise) 

Viscosity  of  PAV+ 
RTFOT  age  residues 
(poise) 

renlicates 

mean 

renlicates 

mean 

renlicates 

mean 

CTIO 

1184 

1213 

5564 

5762 

23430 

24124 

1242 

5961 

24817 

C1S2 

2676 

2705 

13380 

13798 

52873 

51810 

2734 

14216 

50747 

C1S7 

3549 

3758 

18809 

20311 

63912 

64257 

3966 

21813 

64602 

PM20 

8093 

8174 

21041 

20427 

57062 

56200 

8256 

19814 

55339 

C3GT 

14481 

15847 

52131 

58770 

367221 

409425 

17213 

65409 

451629 

CT30 

3432 

3409 

15100 

14660 

126768 

125127 

3386 

14221 

123486 

KH30 

2943 

2978 

8240 

8639 

51860 

50092 

3013 

9039 

48324 

MT30 

2982 

2993 

9244 

9578 

57730 

58526 

3004 

9913 

59321 

MA30 

3123 

3185 

8119 

8605 

48650 

46224 

3247 

9091 

43797 

*Note:  The  meaning  of  the  codes  for  the  asphalt  types  can  be  found  in  Table  3  .1. 
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Table  A.3  Brookfield  Viscosity  of  Asphalts  at  60°C  before  and  after  the  RTFOT  and 
PAV  processes. 


ASPHALT 

Viscosity  of  original 

Viscosity  of  RTFOT 

Viscosity  of  PAV+ 

TYPE* 

binder  (poise) 

age  residues  (poise) 

RTFOT  age  residues 

(poise) 

replicates 

mean 

replicates 

mean 

rpniiratps 

CTIO 

1185 

1218 

6046 

6276 

25750 

26376 

1251 

6507 

27002 

C1S2 

2636 

2603 

13183 

12889 

51597 

48660 

2570 

12596 

45723 

C1S7 

3861 

3617 

18923 

17222 

59271 

53040 

3374 

15521 

46810 

PM20 

6988 

7134 

16074 

16774 

35460 

38946 

7281 

17475 

42432 

C3GT 

10775 

11403 

40948 

43937 

327942 

310481 

12032 

46926 

293020 

CT30 

3487 

3674 

10114 

10849 

88626 

80650 

3861 

11584 

72674 

KH30 

3098 

3150 

8366 

8665 

42988 

45190 

3202 

8965 

47393 

MT30 

3185 

3242 

8919 

9243 

52128 

52999 

3299 

9568 

53871 

MA30 

3287 

3322 

8712 

8973 

49412 

45976 

3357 

9234 

42541 

♦Note:  The  meaning  of  the  codes  for  the  asphalt  types  can  be  found  in  Table  3  .1. 


Table  A.4  Results  of  Fraass  Breaking  Point  Test 


Asphalt 
Type* 

Fraass  Breaking  Point  Temperature  in  °C 

Unaged 
binder 

RTFOT 
residues 

PAV 
residues 

CTIO 

-12.5 

-12 

-9.5 

-14 

-12 

-8.5 

C1S2# 

-17 

-14.5 

-12.5 

-16.5 

-15 

-12.5 

C1S7# 

-15.5 

-14 

-13 

-14.5 

-13.5 

-12 

PM20 

-14 

-12.5 

-11 

-13.5 

-12.5 

-10.5 

C3GT# 

-12.5 

-11.5 

-10 

-12.5 

-11 

-9.5 

CT30 

-12.5 

-11.5 

-9 

-12 

-11 

-8.5 

KH30 

-13 

-12.5 

-9.5 

-15 

-13.5 

-8.5 

MT30 

-9 

-8.5 

-4 

-10 

-9 

-5 

MA30 

-9.5 

-7 

-4 

-10 

-7.5 

-3 

Note;  #  Temperatures  at  the  first  occurrence  of  mircocrack  are  recorded. 

*  The  meaning  of  the  codes  for  the  asphah  types  can  be  found  in  Table  3.1. 
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Table  A.5  Results  of  Schweyer  Constant  Stress  Rheometer  Test 


Asphalt  Type 

Constant  Power  Viscosity  in  Pa-S 

Unaged 

5°C 

15°C 

25°C 

Coastal  ACID 

5.55e+07 

1.95e+06 

1.61e+05 

9.00e+07 

2.90e+06 

2.13e+05 

Coastal  AC- 10 
+3%SBR(2879) 

5.27e+07 

2.51e+06 

2.20e+05 

4.20e+07 

2.10e+06 

l,75e+05 

Coastal  AC- 10 
+3%SBR(UP70) 

5.80e+07 

4.27e+06 

4.85e+05 

4.60e+07 

3.57e+06 

3.75e+05 

Ergon 
PMAC-20 

6.38e+07 

4.69e+06 

2.76e+05 

5.10e+07 

3.93e+06 

3.79e+05 

Coastal  AC-30 
+10%GTR 

2.40e+08 

8.10e+06 

6.50e+05 

3.50e+08 

1.60e+07 

7.45e+05 

Coastal  AC-30 

8.71e+07 

3.82e+06 

5.19e+05 

1.90e+08 

7.00e+06 

5.36e+05 

Koch  AC-30 

9.85e+07 

4.33e+06 

5.07e+05 

1.50e+08 

4.66e+06 

3,37e+05 

Marathon 
AC-30 

2.70e+08 

4.73e+06 

7.15e+05 

4.30e+08 

1.40e+07 

2.90e+05 

Mariani  AC-30 

2.30e+08 

5.53e+06 

9.52e+05 

1.80e+08 

1.60e+07 

5.34e+05 

Table  A.5  Results  of  Schweyer  Constant  Stress  Rheometer  Test  (continued) 


Asphalt  Type 

Constant  Power  Viscosity  in  Pa-S 

RTFOT-aged 

5°C 

15°C 

25°C 

Coastal  ACIO 

l,75e+08 

6.35e+06 

7.35e+05 

2.20e+08 

9.01e+06 

9.68e+05 

Coastal  AC- 10 
+3%SBR(2879) 

1.66e+08 

6.67e+06 

9.07e+05 

1.30e+08 

9.46e+06 

6.64e+05 

Coastal  AC- 10 
+3%SBR(UP70) 

1.83e+08 

1.13e+07 

l.lle+06 

1.50e+08 

1.60e+07 

9.83e+05 

Ergon 
PMAC-20 

2.01e+08 

1.25e+07 

8.87e+05 

1.60e+08 

1.80e+07 

1.08e+06 

Coastal  AC-30 
+10%GTR 

4,54e+08 

1.71e+07 

2.47e+06 

8.00e+08 

3.40e+07 

1.76e+06 

Coastal  AC-30 

2.60e+08 

1.20e+07 

1 .66e+06 

5,70e+08 

2.20e+07 

1.81e+06 

Koch  AC-30 

3.09e+08 

1.38e+07 

1.59e+06 

4.50e+08 

1.50e+07 

1.24e+06 

Marathon 
AC-30 

6.90e+08 

1.58e+07 

1.99e+06 

l.OOe+09 

4.00e+07 

1.23e+06 

Mariani  AC-30 

8.54e+08 

1.90e+07 

3.76e+06 

l.lOe+09 

5.70e+07 

1.95e+06 
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Table  A.5  Results  of  Schweyer  Constant  Stress  Rheometer  Test  (continued) 


Asphalt  Type 

Constant  Power  Viscosity  in  Pa-S 

PAV-aged 

5°C 

15°C 

25°C 

Coastal  ACIO 

7,55e+08 

2.05e+07 

2.01e+06 

9.70e+08 

3.50e+07 

3.33e+06 

Coastal  AC- 10 
+3%SBR(2879) 

7.17e+08 

2.15e+07 

2.49e+06 

5.70e+08 

3.70e+07 

1.83e+06 

Coastal  AC- 10 
+3%SBR(UP70) 

7.89e+08 

3.66e+07 

2.21e+06 

6,30e+08 

6,20e+07 

1.97e+06 

Ergon 
PMAC-20 

8.68e+08 

4.03e+07 

5.69e+06 

6.90e+08 

6.90e+07 

7.57e+06 

Coastal  AC-30 
+10%GTR 

1.38e+09 

6.38e+07 

9,20e+06 

2.00e+09 

1.30e+08 

l.lOe+07 

Coastal  AC-30 

1.64e+09 

6.63e+07 

9.98e+06 

2.80e+09 

1.20e+08 

1.20e+07 

Koch  AC-30 

1.54e+09 

6.96e+07 

7.09e+06 

2.40e+09 

6.60e+07 

4.73e+06 

Marathon 
AC-30 

2.98e+09 

5.15e+07 

9.27e+06 

4.70e+09 

1.70e+08 

5.19e+06 

Mariani  AC-30 

4.84e+09 

1.16e+08 

2.10e+07 

2.80e+09 

3.30e+08 

1 .20e+07 

Table  A.6  Weight  Changes  of  Asphalts  after  the  RTFOT  and  PAV  processes. 
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ASPHALT  TYPE 

Weight  Loss  in  RTFOT 

(%) 

Weight  Gain  in  PAV 
(%) 

Total 
Weight 
Change  (%) 

replicates 

mean 

replicates 

mean 

COASTAL  AC- 10 

0.83 

0.815 

0.60 

0.58 

-0.235 

0.80 

0.56 

COASTAL  AC- 10 
+  3%  SBR  (UP70) 

0.57 

0.57 

0.48 

0.50 

-0.07 

0.57 

0.52 

COASTAL  AC- 10 
+3%  SBR(UP2879) 

0.31 

0.405 

0.51 

0.515 

+0.11 

0.50 

0.52 

COASTAL  AC-30 

0.63 

0.645 

0.54 

0.53 

-0.115 

0.66 

0.52 

COASTAL  AC-30 
+  10%  GTR 

0.37 

0.385 

0.62 

0.625 

+0.24 

0.40 

0.63 

ERGON  PMAC-20 

0.54 

0.525 

0.51 

0.52 

-0.005 

0.51 

0.53 

KOCH  AC-30 

0.37 

0.35 

0.50 

0.52 

+0.165 

0.34 

0.54 

MARATHON 
AC-30 

0.26 

0.275 

0.52 

0.54 

+0.265 

0.29 

0.56 

MARIANI 
AC-30 

0.26 

0.245 

0.52 

0.52 

+0.275 

0.23 

0.52 

Table  A.7  Results  of  Dynamic  Shear  Rheometer  Test 


Asphalt  Type 

Dynamic  Viscosity  at  Frequency  =  1.0  Hz  (  Pa-S) 

Unaged 

25°C 

52°C 

58°C 

60°C 

Coastal  AC  10 

4.39e+04 

4.17e+02 

1.67e+02 

1.29e+02 

4.17e+04 

4.58e+02 

1.59e+02 

1.23e+02 

Coastal  AC- 10 
+3%SBR(2879) 

4.77e+04 

6.42e+02 

2.75e+02 

2.19e+02 

4.29e+04 

7.07e+02 

3.03e+02 

2.41e+02 

Coastal  AC- 10 
+3%SBR(UP70) 

6.81e+04 

1.09e+03 

5.49e+02 

4.06e+02 

6.12e+04 

1.20e+03 

6.03e+02 

4.46e+02 

Ergon 
PMAC-20 

5.10e+04 

1.32e+03 

5.95e+02 

4.80e+02 

5.61e+04 

1.25e+03 

5.65e+02 

5.28e+02 

Coastal  AC-30 
+10%GTR 

1.20e+05 

2.81e+03 

1 .46e+03 

1.19e+03 

1.32e+05 

3.10e+03 

1.60e+03 

1.31e+03 

Coastal  AC-30 

8.47e+04 

1.08e+03 

4.31e+02 

3.10e+02 

9.32e+04 

1.18e+03 

4,74e+02 

3.41e+02 

Koch  AC-30 

1.13e+05 

9.81e+02 

4.23e+02 

2.86e+02 

1.24e+05 

1.08e+03 

4.64e+02 

2,58e+02 

Marathon 
AC-30 

1.39e+05 

9.65e+02 

3.93e+02 

2.91e+02 

1.53e+05 

1.06e+03 

4.32e+02 

2.62e+02 

Mariani  AC-30 

1.73e+05 

1.13e+03 

4.50e+02 

3,10e+02 

1.91e+05 

1 .24e+03 

4.95e+02 

2.79e+02 

Table  A.7  Results  of  Dynamic  Shear  Rheometer  Test  (continued) 
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Asphalt  Type 

Dynamic  Viscosity  at  Frequency  =  1.0  Hz  (  Pa-S) 

RTFOT-aged 

25°C 

52°C 

58°C 

60°C 

Coastal  ACIO 

1.19e+05 

1.16e+03 

4.82e+02 

3.64e+02 

1.13e+05 

1.09e+03 

4.58e+02 

3.46e+02 

Coastal  AC- 10 
+3%SBR(2879) 

9.84e+04 

1 .65e+03 

7.54e+02 

5.99e+02 

8.86e+04 

1 .49e+03 

6.78e+02 

5.40e+02 

Coastal  AC- 10 
+3%SBR(UP70) 

1.43e+05 

2.67e+03 

1.23e+03 

9.38e+02 

1.28e+05 

2.94e+03 

1.35e+03 

1.03e+03 

Ergon 
PMAC-20 

1.05e+05 

2.10e+03 

1.06e+03 

7.84e+02 

1.16e+05 

1.99e+03 

l.Ole+03 

8.62e+02 

Coastal  AC-30 
+10%GTR 

2.04e+05 

6.63e+03 

3.21e+03 

2.77e+03 

2.24e+05 

7.29e+03 

3.53e+03 

3,04e+03 

Coastal  AC-30 

1 .44e+05 

3.18e+03 

1 ,40e+03 

1.05e+03 

1.58e+05 

3.50e+03 

1.54e+03 

1.16e+03 

Koch  AC-30 

2.13e+05 

2.50e+03 

1.14e+03 

5.98e+02 

2.34e+05 

2.75e+03 

1.26e+03 

5.38e+02 

Marathon 
AC-30 

2.96e+05 

3.71e+03 

1.47e+03 

8.71e+02 

3.25e+05 

4.08e+03 

1.62e+03 

7.84e+02 

Mariani  AC-30 

2.81e+05 

2.81e+03 

1.03e+03 

7.65e+02 

3.10e+05 

3.10e+03 

1.14e+03 

6.88e+02 

Table  A.7  Results  of  Dynamic  Shear  Rheometer  Test  (continued) 
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Asphalt  Type 

Dynamic  Viscosity  at  Frequency  =  1 .0  Hz  (  Pa-S) 

PAV-aged 

25°C 

28°C 

31°C 

34°C 

60°C 

Coastal  ACIO 

3.63e+05 

2.05e+05 

1.26e+05 

6.81e+04 

1 .47e+03 

3.44e+05 

2.16e+05 

1.19e+05 

7.17e+04 

1.39e+03 

Coastal  AC- 10 
+3%SBR(2879) 

2.96e+05 

1.73e+05 

1.04e+05 

9.37e+04 

2.02e+03 

2.66e+05 

1.91e+05 

1.15e+05 

8.52e+04 

1.82e+03 

Coastal  AC- 10 
+3%SBR(UP70) 

2.26e+05 

1.55e+05 

8.44e+04 

6,31e+04 

2.34e+03 

2.03e+05 

1.41e+05 

9.29e+04 

5.74e+04 

2.57e+03 

Ergon 
PMAC-20 

3.16e+05 

1.99e+05 

1.26e+05 

9.69e+04 

2.08e+03 

3.48e+05 

2.19e+05 

1.38e+05 

8.81e+04 

2.29e+03 

Coastal  AC-30 
+10%GTR 

4.07e+05 

2.92e+05 

1.78e+05 

1.48e+05 

6.14e+03 

4.48e+05 

2.66e+05 

1.96e+05 

1.34e+05 

6.75e+03 

Coastal  AC-30 

5.44e+05 

3.20e+05 

2.20e+05 

1.16e+05 

4.10e+03 

5.98e+05 

3.52e+05 

2.00e+05 

1.28e+05 

3.69e+03 

Koch  AC-30 

5.09e+05 

3.34e+05 

1 ,96e+05 

1.09e+05 

2.75e+03 

5.60e+05 

3.04e+05 

2.15e+05 

9.94e+04 

2.48e+03 

Marathon 
AC-30 

6.96e+05 

4.56e+05 

2.56e+05 

1.70e+05 

2.80e+03 

7.66e+05 

4.15e+05 

2.82e+05 

1.54e+05 

2.52e+03 

Mariani  AC-30 

7.11e+05 

4.91e+05 

2.59e+05 

1.55e+05 

2.83e+03 

7.82e+05 

4.47e+05 

2.85e+05 

1.41e+05 

2.55e+03 
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Table  A.8    Results  of  Classification  Testing  of  Asphalt  Binders 


Hspnaii  Dinuers 

Spec. 

O  1  lU 

CI  57 

CT30 

C3GT 

1  esis  on  unageu  maieriai 

RrnnUfialrl  ^ICr'  Doe- 

□  rOOKTlelu,!  ras 

<j 

U.Z 

0.2o3 

0.516 

0.566 

1.055 

riasn  poini, 

^/  o 

070 
^/ O 

295 

310 

U  /SIM  0(gJ3ZO,  lUrdU/S,  Kra 

4  flQ 

R  1  7 

O.l  / 

1U.41 

ft  70 

y./y 

07  OO 

27.22 

O  /SID  0(g^90^,  lUrau/S,  Kra 

^1 

1  CI 
1 .01 

^£.D4 

c  oi 

A  nc 
4.0b 

*!  O  Ail 

1 3.94 

O  /oin  U(g^OnO,  tUiau/S,  Kra 

^  1 

U.I 

<  97 

2.42 

2 

C  QQ 

b.oo 

o  /Sin  U(g^  (        1  Ulau/S,  Kr  a 

^  1 

u.oo 

n  K7 

U.D/ 

1.10 

U.OO 

O  QQ 

2.99 

o  /Sin  u(u^/oo,  luraa/s,  Kra 

ft  -t  fl 

U.  1 0 

U.oO 

n  Ri 
U.01 

U.4b 

1.57 

o  /bill  U(^OZvy,  luiau/s,  Kra 

^  1 

A  QQ 

U.o9 

Toctc  tf^n  RTPf^  rociHiio 
1             Ull  rv  1  rKJ  IC9IUUC 

IVIdob  LOS5,  /O 

<-i  n 
^  1  .u 

n  R9 

U.4  1 

t\  K7 

A  CA 

A  lA 

O  /bill  U^^S^O,  1  UldU/o,  Kra 

1  U.99 

1  O.oO 

oU.22 

Ril  QO 

D4.02 

v9  /olll  U^^^JOw,  1  Ul aU/o,  Kra 

7  97 

1 1  7R 
1  1 .  /  O 

1  o.o  1 

71  47 
o1 .4/ 

vj  /bill  U\^UH\^,  lUiau/b,  Kra 

9  flA 

Aft 
J.4o 

R  fit 

1 

1  b 

f5*/cin  firfTiynP  IflraH/c  IfPa 
o  /bill  U\^/Uw,  lUfaU/o,  Kra 

U.S7  1 

1 .09 

9  71 

O  77 
2./  / 

7  7it 
/  ./4 

o  /bin  u(Q//DO,  lurau/b,  Kra 

■^9  9 

i  17 

1 .0 

il  AC 

4.05 

1  esis  on  rMV  (aii\  i  ryj)  resiuue 

v9  bin  u(g/  uw,  lurau/b,  Kra 

7Q7C  Q 

/  3/ o.y 

4yji 

0g04 

Ol  OQ  C 

yi2o.b 

d42o 

f2*cin  ^/^IRC  IflroH/c  IfPo 

o  SIM  o(g!  iou,iurau/b,  Kra 

<9UUU 

4bUo.4 

707R  C 

/27D.b 

il  oco  c 

4863.6 

f5*cin  hfffi^On  IflraH/c  leOa 

o  bin  oig/  lo^,  1  urau/b,  Kra 

40Uf 

9cnn  0 

noQ  R 

0009.b 

b4/ U 

OR7R  7 

f2*cin  ^/fTlOOr*  IflroH/e  UPo 

o  bin  o(g/^^u,i  ur au/s,  Kra 

<duuu 

O  "1  QQ  Q 

1o4D.O 

2450.1 

4270 

2791 .8 

rt*ein  f^/fflOl^r^  "inraH/c  IfPo 

vj  sin  o(g/^30,  luraa/s,  Kra 

<OUUU 

A  one  o 

■1  7R7  it 
1  lOlA 

3083. b 

2105.4 

f^*cin  F\/R)OfKr'  1f>raH/c  tPa 

u  bill  (j(g/^ov_>,  luiaa/b,  Kra 

QRC  >i 

oDD.4 

m  0.2 

A  QAA  A 
1900.9 

tf  A  A'i  ^ 

1443.7 

fl*cin  SfWlTIf^  1f\raH/c  UPo 

o  Sin  u(g/o  1    1  urau/b,  Kra 

<9UUU 

Q77 

oil 

t)b0.4 

iQi.l 

1258.5 

1008 

fj*cin  S/JT^'iAf^  IflroH/e  LPo 

o  bin  0(2/04^,1  urau/s,  Kra 

<dUUU 

coo  c 

290 

4b9.9 

771 .8 

713.6 

Bending  Beam 

Creep  Sufiness.S,  60s.-12C,MPa 

<300 

101.2 

75.9 

96.1 

115.9 

79.4 

Oreep  btinness.S,  oOs.-loC.MPa 

<300 

209.8 

173.3 

186.9 

239.2 

177.4 

ureep  otiTTness.o,  D0s.-24C,IvlPa 

<300 

349.9 

281.5 

298.9 

476.8 

313.8 

v^reep  ouTTness,o,  Dus.-oUo,ivira 

<300 

647.5 

703.7 

774.9 

501.4 

olope,m,bOs,-l2C 

A  4  A 

>0.30 

0.356 

0.358 

0.322 

0.341 

0.342 

Slope,m,60s,-18C 

>0.30 

0.308 

0.339 

0.335 

0.302 

0.301 

Slope,m,60s,-24C 

>0.30 

0.281 

0.303 

0.302 

0.248 

0.25 

Slope, m,60s,-30C 

>0.30 

0.216 

0.181 

0.206 

0.215 

Direct  Tension 

Failure  Strain, -12C,MPa 

>1% 

1.378 

3.848 

1.683 

0.834 

1.514 

Failure  Strain,-18C,MPa 

>1% 

0.402 

1.102 

0.608 

0.327 

0.465 

Failure  Strain, -24C,MPa 

>1% 

0.36 

0.581 

0.365 

0.286 

0.294 

Most  extreme  PG  grade  passed 

PG58-28 

PG64-34 

PG70-34 

PG64-28 

PG76-28 

*Note:  The  meaning  of  the  codes  for  the  asphalt  types  can  be  found  in  Table  3  .1. 


Table  A.8    Results  of  Classification  Testing  of  Asphalt  Binders  (Continued) 


M3|Jllclll  DIIIUciS 

Spec, 

i\nou 

IVlAoU 

1  cdla  on  unayeu  maieriai 

Rrnr\lrfiolH  1  ^f^P  Poc 
DlOOKTieia,  lODV^  raS 

U.090 

U.4/0 

11.492 

0.542 

ridoil  pUllll,  \^ 

CI  c 

JUO 

30o 

r;*/Qin  hfRs'VyC  inraH/e  UPa 
O  /olll  U(^^^^,  lUloU/o,  IVr  d 

'^1 

1*5  7R 

Q  Al 
9.40 

9.0 

lie 

f5*/cin  ^/^T^'^RP  inroH/c  t-Pa 

?  1 

3.0  ( 

4.  1  1 

•3  70 

>l  07 

4.0/ 

Vj  /bill  U(^u*rL/,  lUldU/b,  Krd 

^  1 

Z.O  1 

1 .90 

i  CO 
1 .99 

i.gl 

o  /Sin  o(g^/uw,  lurao/s,  Kra 

'^1 
>1 

U.I'* 

(J./ 3 

0.89 

o  /Sin  o(g^/DL/,  luraa/s,  KKa 

>1 

n  Oil 

U.oo 

0.45 

O  /olll  Uy^O^w,  lUldU/b,  l\r  d 

1 

1  eala  on  rv  1  rvJ  rcSluUe 

IVIdoo  UUoo,  /O 

^1  n 
^  1  .u 

n  C7 

U.9<J 

U.JO 

n  97 

U.24 

V3  /Olll  \J\^^^£.\^y  lUldU/o,  f^r  d 

9'^  A7 

Oft  1  o 

G*/sin  fi/9)58C  lOrari/*;  kPa 

/Olll  ut^K^uw,  iv/icivi/o,  i\i  d 

1  u.  /  o 

1  7  ^R 
1  0.3Q 

1  n  7^ 

1  U.  1  3 

G*/<;in  fi(S)64n  10rarl/«;  kPa 

vj  /Olll  L/i^^utw,  luiau/o,  f\i  d 

>2  2 

A  RR 
4. so 

w  /OH  1  yJy^U  /  Uw,  1  Ui  dU/O,  fVi  d 

>2  2 

9  77 

9  H 

O  1 

w   /Oil  1  W  vL<|/  (  U  w ,  iwiaVJ/O,  IVrCI 

>2  2 

1  ,oo 

U.99 

G*sin  ?^fffi13C  inrari/<;  kPa 

w  OH  1  wy^u  1       ,  1  wi  au/o,  rvi  d 

■iniR7  7 

nQA7  "X 

1  oyt/  .o 

143/U.O 

G*sin  fi(9>16C  10rari/<;  kPa 

w  Olll          luw,  luiavj/o,  i\i  d 

<Konn 

RRRD  R 

7RQ1  R 
/  Q9  1 .0 

1  DA'^';  Q 

1  1  "5  1  Q  Q 
1  1  O  1  9.9 

O  olll  \J\^  low,  lUldU/o,  l\r  d 

^ouuu 

43  1 0.O 

KK97  1 

77flR  <; 
/  /OD.3 

O099 

v3  olM  VJ\^4C^^,  lUldU/o,  l\r  d 

^ouuu 

O  1  /  4.0 

OQCO  O 

0930.^ 

df  do.o 

6015.7 

f5*Qin  ^(^O^C  inraH/c  tPa 
O  olll  Uf^^Q^,  1  UldU/o,  l\rd 

vOUUU 

9917  7 

Hoi  ,1 

OU43.0 

>l  1  HQ  C 

41  UO.D 

XOI  D 

421 0 

w  Olll  Ul^^Ow,  lUldU/o,  l\r  d 

1 400.0 

1  DOT  1 

0700  O 

V?  oil  1  wi^o  1      1  ui dU/o,  f\r^d 

QIO  R 
9  1  ^.D 

1  ^UO.3 

1 7nc  o 

1  70C  O 

f^*Qin  hfRs'KAC  mraH/c  tPa 
o  olll  U(^0*tw,  1  Ui dU/S,  Rnd 

^OUUU 

309 

7nc  1 

1078.9 

Denainy  Desm 

oreep  btinness.o,  D0s.-12C,IvlPa 

<300 

119.1 

106.8 

157 

161.6 

ureep  ouirness.va,  DUs.-ioO.lvlra 

268.8 

251 .2 

361.2 

385.3 

L/ieep  ouTTness,o,  bUs.-^4u,Mra 

<300 

AAA  A 

444.4 

478.1 

596.3 

638.1 

^rAAn  Ofiffrmr«c«  O                   OA/^  hJIDn 

L/ieep  ouTinesSiO,  ous.-oUO.Mra 

^1 A  A 

~ 

olope,m,bOs,-l2C 

>0.30 

0.388 

0.359 

0.355 

0.338 

Slope, m,60s,-18C 

>0.30 

0.319 

0.305 

0.297 

0.285 

Slope,m,60s,-24C 

>0.30 

0.263 

0.247 

0.222 

0.221 

Slope, m,60s,-30C 

>0.30 

Direct  Tension 

Failure  Strain,-12C,MPa 

>1% 

0.965 

1.257 

0.700 

0.740 

Failure  Strain,-18C,MPa 

>1% 

0.368 

0.457 

0.280 

0.289 

Failure  Strain,-24C,MPa 

>1% 

0.307 

0.367 

0.162 

0.189 

Most  extreme  PG  grade  passed 

PG70-28 

PG64-28 

PG64-22 

PG64-22 

*Note:  The  meaning  of  the  codes  for  the  asphah  types  can  be  found  in  Table  3  .1. 


Table  A.  9       Height,  %Air  Voids,  Gyratory  Shear,  %VMA,  and  Bulk  Density  of  the 
GTM  Specimens 


Mixture 

ID# 

Height 

Air 

Gyratory 

%VMA 

Bulk  Density 

(in.) 

Void  (%) 

Shear  (psi) 

(psi) 

I 

1.91 

8.3 

51.5 

18.3 

130.5 

2 

1.94 

9.9 

50.8 

18.9 

129.7 

3 

1.94 

9.1 

51.2 

18.6 

130.1 

AC30 

4 

2.03 

7.0 

52.0 

18.0 

130.9 

Initial 

5 

2.00 

8.1 

51.6 

18.3 

130.5 

Compaction 

6 

2.00 

7.5 

51.8 

18,2 

130.7 

Unaged 

7 

I.9I 

7.8 

51.7 

18.2 

130.6 

8 

1.97 

8.6 

51.0 

18.8 

130.7 

9 

2.00 

8.3 

51.3 

18.8 

130.6 

1 

2.00 

11.2 

47.9 

20.9 

127.2 

2 

2.00 

11.8 

47.4 

21.5 

126.2 

3 

1.94 

11.5 

47.6 

21.2 

126.7 

AC30 

4 

2.00 

10.9 

47.5 

21.4 

126.5 

Initial 

5 

2.06 

11.2 

47.6 

21.3 

126.6 

Compaction 

6 

2.00 

11. 1 

47.5 

21.3 

126.5 

STOA 

7 

2.00 

10.7 

48.9 

20.1 

128.4 

8 

1.88 

11.3 

48.2 

20.7 

127.7 

9 

2.24 

11.8 

47.5 

21.2 

127.0 

1 

2.03 

11.5 

47.9 

20.9 

127.4 

2 

1.94 

10.5 

47.7 

21.1 

127.2 

3 

1.88 

11.0 

47.8 

21.0 

127.3 

AC30 

4 

1.94 

10.8 

47.7 

21.0 

127.2 

Initial 

5 

1.88 

11.6 

48.5 

20.1 

126.8 

Compaction 

6 

1.91 

11.2 

48.1 

20.6 

127.0 

LTOA 

7 

1.88 

11.4 

48.3 

20.3 

126.9 

8 

1.91 

10.6 

48.9 

20.4 

128.2 

9 

1.91 

11.7 

47.5 

21.3 

126.0 

I 

2.00 

5.5 

52.7 

14.7 

138.1 

2 

1.94 

4.6 

53.2 

13.9 

138.7 

3 

1.94 

4.0 

53.7 

13.9 

138.9 

AC30 

4 

1.97 

4.4 

53.4 

13.7 

138.5 

Ultimate 

5 

1.94 

4.7 

53.4 

13.9 

139.0 

Compaction 

6 

1.94 

4.3 

53.4 

13.9 

139.0 

Unaged 

7 

1.97 

5.4 

52.7 

14.7 

138.1 

8 

1.94 

4.0 

54.0 

14.3 

138.9 

9 

2.00 

4.0 

54.5 

13.8 

139.1 

1 

1.94 

5.4 

52.3 

14.5 

139.2 

2 

1.94 

4.4 

53.5 

13.8 

139.8 

3 

1.94 

4.8 

52.8 

14.1 

139.6 

AC30 

4 

2.00 

4.6 

53.2 

14.0 

139.7 

Ultimate 

5 

1.94 

4.0 

53.2 

13.8 

139.9 

Compaction 

6 

1.94 

4.3 

53.2 

13.9 

139.8 

STOA 

7 

1.94 

5.3 

52.3 

14.5 

139.2 

8 

1.94 

4.8 

52.7 

14.2 

139.5 

9 

1.94 

5.1 

52.5 

14.3 

139.4 

1 

1.94 

4.8 

52.7 

14.3 

139.5 

2 

1.94 

5.1 

51.7 

14.9 

139.4 

3 

1.94 

4.8 

52.8 

14.1 

139.6 

AC  30 

4 

1.94 

4.8 

52.6 

14.5 

139.7 

Ultimate 

5 

1.94 

4.5 

53.2 

14.0 

139.9 

Compaction 

6 

1.94 

4.3 

53.8 

13.8 

139.8 

LTOA 

7 

1.94 

5.2 

51.8 

15.2 

139.4 

8 

1.97 

4.8 

52.8 

14.5 

139.6 

9 

1.94 

4.9 

52.3 

14.9 

139.5 
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Table  A.9       Height,  %Air  Voids,  Gyratory  Shear,  %VMA,  and  Bulk  Density  of  the 
GTM  Specimens  (Continued) 


Mixture 

ID# 

Height 

Air 

Gyratory 

%VMA 

Bulk  Density 

(in.) 

Void  (%) 

Shear  (psi) 

(psi) 

1 

1.94 

6.9 

52.3 

16.1 

133.9 

2 

2.03 

6.6 

51.9 

15.8 

134.7 

3 

1.94 

6.9 

52.1 

16.0 

134.3 

AC30+GTR 

4 

1.94 

7.0 

52.0 

16.2 

132.9 

Initial 

5 

1.94 

7.0 

52.1 

16.1 

133.6 

Compaction 

6 

1.94 

6.6 

52.0 

16.1 

133.3 

Unaged 

7 

1.94 

6.8 

51.8 

15.5 

133.4 

g 

1.94 

6.7 

51.9 

15.8 

133.3 

9 

1.94 

6.7 

51.9 

15.7 

133.4 

1 

1.94 

8.0 

49.5 

16.0 

133.6 

2 

2.00 

8.8 

48.8 

17.1 

133.0 

3 

2.00 

8.4 

49.2 

16.6 

133.3 

AC30+GTR 

4 

1.94 

7.8 

49.8 

16.8 

133.2 

Initial 

5 

1.97 

8.1 

49.5 

16.7 

133.2 

Compaction 

6 

1.94 

8.0 

49.6 

16.8 

133.2 

STOA 

7 

2.00 

7.5 

48.9 

20.1 

128.4 

8 

1.94 

7.0 

49.8 

16.1 

133.8 

9 

1.97 

7.6 

49.3 

16.7 

133.2 

1 

1.98 

7.3 

49.6 

16.4 

133.5 

2 

1.97 

7.0 

49.6 

16.2 

133.6 

3 

1.97 

8.2 

49.1 

16.9 

133.0 

AC30+GTR 

4 

1.97 

7.6 

49.4 

16.6 

133.3 

Initial 

5 

1.97 

7.9 

49.2 

16.7 

133.2 

Compaction 

6 

1.98 

8.2 

49.0 

17.0 

133.0 

LTOA 

7 

1.97 

8.1 

49.1 

16.9 

133.1 

8 

1.98 

8.2 

48.9 

16.9 

132.8 

9 

1.97 

7.6 

50.8 

16.0 

133.9 

1 

1.91 

5.5 

52.7 

14.7 

138.1 

2 

1.91 

4.5 

52.9 

14.1 

138.9 

3 

2.00 

4.5 

52.8 

14.2 

138.6 

AC30+GTR 

4 

1.88 

4.0 

54.1 

13.7 

139.0 

Ultimate 

5 

1.94 

4.7 

53.3 

14.2 

138.6 

Compaction 

6 

2.00 

4.8 

52.4 

14.6 

138.2 

Unaged 

7 

1.94 

5.4 

52.7 

14.7 

138.1 

8 

1.94 

4.2 

53.9 

14.1 

138.8 

9 

1.94 

4.5 

53.3 

14.2 

138.7 

1 

2.00 

5.2 

52.3 

14.5 

139.2 

2 

1.94 

5.0 

52.7 

14.2 

139.2 

3 

1.94 

4.7 

53.0 

13.8 

139.2 

AC30+GTR 

4 

2.00 

4.8 

52.8 

14.0 

139.2 

Ultimate 

5 

1.94 

5.0 

52.8 

14.1 

138.8 

Compaction 

6 

1.94 

4.9 

52.8 

14.0 

139.0 

STOA 

7 

1.94 

5.0 

52.3 

14.2 

138.7 

8 

1.94 

4.7 

53.0 

14.1 

138.9 

9 

1.94 

4.9 

52.7 

14.2 

138.8 

1 

1.91 

4.8 

52.7 

14.3 

139.5 

2 

1.88 

4.7 

53.6 

13.7 

139.6 

3 

1.91 

4.9 

52.7 

14.0 

139.0 

AC30+GTR 

4 

1.88 

4.8 

52.6 

14.5 

139.7 

Ultimate 

5 

1.94 

4.8 

52.9 

13.8 

139.2 

Compaction 

6 

1.94 

4.8 

52.8 

13.7 

139.3 

LTOA 

7 

1.94 

5.2 

52.6 

14.3 

139.4 

8 

1.94 

5.0 

52.7 

14.0 

139.4 

9 

1.94 

5.0 

52.4 

41.3 

138.7 
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Table  A.  9       Height,  %Air  Voids,  Gyratory  Shear,  %VMA,  and  Bulk  Density  of  the 
GTM  Specimens  (Continued) 


Mixture 

ID# 

Height 

Air 

Gyratory 

%VMA 

Bulk  Density 

(in.) 

Void  (%) 

Shear  (psi] 

(psi) 

1 

1.94 

7.2 

52.0 

16.9 

133.3 

2 

1.94 

7.0 

52.3 

16.2 

133.6 

3 

1.94 

7.1 

52.2 

16.6 

133.5 

ACIO+SBR 

4 

1.91 

6.7 

52.5 

16.5 

133.8 

Initial 

5 

1.94 

6.5 

52.3 

16.5 

133.6 

Compaction 

6 

1.94 

6.3 

53.0 

16.0 

134.1 

Unaged 

7 

1.94 

7.2 

52.1 

16.8 

133.2 

8 

1.94 

6.5 

52.7 

16.0 

134.1 

9 

1.94 

6.9 

52.4 

16.4 

133.7 

1 

1.88 

7.0 

52.4 

15.0 

136.3 

2 

1.91 

6.9 

52.7 

14.8 

136.6 

3 

1.94 

7.0 

52.6 

14.9 

136.5 

ACIO+SBR 

4 

1.91 

7.1 

52.2 

15.3 

136.0 

Initial 

5 

2.00 

7.0 

52.4 

15.1 

136.2 

Compaction 

6 

1.94 

7.3 

52.0 

15.2 

136.1 

STOA 

7 

1.94 

7.2 

52,2 

15.2 

136.2 

8 

1.94 

6.8 

52.5 

14.6 

136.8 

9 

2.00 

7.0 

52.3 

14.9 

136.5 

1 

2.00 

6.6 

53.0 

14.2 

136.8 

2 

1.97 

6.8 

52.7 

14.5 

136.6 

3 

1.94 

6.7 

52.8 

14.4 

136.7 

ACIO+SBR 

4 

1.94 

6.7 

52.8 

14.5 

136.7 

Initial 

5 

2.00 

7.2 

52.0 

14.9 

136.2 

Compaction 

6 

2.00 

6.6 

52.8 

14.4 

136.7 

LTOA 

7 

1.94 

6.9 

52.4 

14.7 

136.5 

8 

1.94 

6.8 

52.6 

14.5 

136.6 

9 

1.94 

7.2 

52.2 

15.0 

135.8 

1 

1.94 

3.5 

54.0 

13.5 

138.5 

2 

1.94 

3.8 

53.8 

13.9 

138.0 

3 

1.94 

3.7 

53.9 

13.9 

138.3 

ACIO+SBR 

4 

1.94 

3.5 

54.2 

13.3 

138.6 

Ultimate 

5 

2.00 

3.6 

53.8 

13.7 

138.4 

Compaction 

6 

2.03 

3.8 

53.3 

14.2 

138.3 

Unaged 

7 

2.00 

3.9 

52.7 

14.7 

138.1 

8 

2.00 

3.4 

54.6 

13.0 

138.5 

9 

1.94 

3.6 

53.4 

13.8 

138.3 

1 

1.94 

3.6 

53.8 

13.7 

138.4 

2 

1.94 

3.8 

53.7 

13.2 

139.2 

3 

1.84 

3.7 

53.8 

13.5 

138.8 

ACIO+SBR 

4 

1.94 

3.6 

54.3 

12.8 

139.5 

Ultimate 

5 

1.94 

3.7 

53.2 

13.8 

139.9 

Compaction 

6 

1.91 

3.7 

53.8 

13.3 

139.7 

STOA 

7 

1.88 

3.9 

53.5 

13.6 

139.8 

8 

1.88 

3.8 

53.6 

13.4 

139.8 

9 

1.88 

3.7 

54.0 

13.0 

139.4 

1 

1.97 

3.7 

53.8 

13.1 

139.1 

2 

1.98 

3.7 

53.9 

13.1 

139.3 

3 

1.97 

3.5 

54.9 

12.8 

139.8 

ACIO+SBR 

4 

1.97 

3.6 

54.4 

12.9 

139.5 

Ultimate 

5 

1.94 

3.6 

54.7 

12.9 

139.7 

Compaction 

6 

1.95 

3.8 

53.7 

13.0 

139.2 

LTOA 

7 

1.97 

3.7 

54.2 

12.9 

139.4 

8 

1.95 

3.6 

54.5 

12.9 

139.8 

9 

1.97 

4.2 

53.5 

13.3 

139.0 
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Table  B.  1       Results  of  Instantaneous  and  Total  Resilient  Modulus 


Mixture  ID 

AGING 

AIR  VaDS  % 

Temp. 
(°C) 

Instantaneous  Resilient  Modulus 
(xGPa) 

Instantaneous  Poisson's  Ratio 

Actual 

Average 

Cydel 

Cyde2 

Cyde3 

Cydel 

Cyde2 

Cyde3 

AC30 
Initial 
Corrpacbon 

Unaged 

(A) 

8.5 

8.4 

0 

11.82 

11.45 

11.30 

0.19 

0.19 

0.22 

8.4 

-10 

1208 

1221 

1202 

0.22 

0.21 

0.22 

8.3 

-20 

1677 

17.43 

1697 

0.20 

0.20 

0.19 

STOA 
(B) 

11 

11.3 

0 

8.52 

8.42 

8.69 

0.19 

0.20 

0.18 

11.3 

-10 

1441 

1476 

1431 

0.28 

0.27 

0.29 

11.6 

-20 

13.10 

1293 

13.41 

0.23 

0.24 

0.22 

LTOA 

(C) 

11.4 

11.3 

0 

11.11 

10.14 

11.26 

0.17 

0.23 

0.16 

11.3 

-10 

13.02 

13.13 

1294 

0.25 

0.23 

0.24 

11.2 

-20 

1248 

13.41 

13.66 

0.25 

0.19 

0.20 

AC30 
Ultimate 
Compaction 

Unaged 

(A) 

4.5 

4.53 

0 

10.72 

10.71 

10.75 

0.17 

0.16 

0.16 

4.5 

-10 

8.84 

8.86 

8.93 

0.14 

0.15 

0.14 

46 

-20 

11.42 

11.58 

11.04 

0.23 

0.22 

0.25 

STOA 
(B) 

5.1 

4.77 

0 

15.37 

15.41 

14.77 

0.26 

0.29 

0.31 

4.8 

-10 

12.95 

1277 

1282 

0.18 

0.19 

0.19 

4.5 

-20 

23.00 

22.06 

21.41 

0.29 

0.32 

0.35 

LTOA 
(C) 

4.5 

4.7 

0 

13.33 

13.41 

13.40 

0.21 

0.21 

0.19 

4.7 

-10 

21.51 

2207 

21.09 

0.35 

0.35 

0.37 

4.9 

-20 

17.42 

17.62 

18.00 

0.24 

0.23 

0.22 

AC30+GTR 

Initio 
Compaction 

Unaged 
(A) 

7 

6.8 

0 

7.41 

7.28 

7.33 

0.22 

0.22 

0.22 

6.8 

-10 

9.18 

9.07 

9.03 

0.27 

0.27 

0.Z7 

6.6 

-20 

13.38 

13.75 

13.59 

0.19 

0.18 

0.18 

STOA 
(B) 

7.4 

7.6 

0 

8.41 

8.32 

8.80 

0.16 

0.17 

0.13 

7.6 

-10 

10.74 

10.73 

11.11 

0.16 

0.17 

0.14 

7.8 

-20 

10.59 

11.13 

10.99 

0.26 

0.22 

0.23 

LTOA 
(C) 

7.7 

7.8 

0 

1214 

1208 

11.98 

0.21 

0.22 

0.22 

7.8 

-10 

1415 

1421 

1426 

0.28 

0.28 

0.28 

7.9 

-20 

16.84 

17.00 

16.70 

0.26 

0.24 

0.25 

AC30+GTR 

Ultimate 
Compaction 

Unaged 

(A) 

4.7 

4.6 

0 

11.53 

11.41 

11.30 

0.26 

0.27 

0.26 

4.6 

-10 

13.87 

13.60 

14.00 

0.23 

0.23 

0.21 

4.5 

-20 

21.62 

2255 

2214 

0.47 

0.41 

0.42 

STOA 
(B) 

4.8 

4.9 

0 

1233 

1245 

1240 

0.24 

0.23 

0.22 

4.9 

-10 

1441 

14.76 

14.31 

0.28 

0.27 

0.29 

5 

-20 

1655 

16.23 

16.35 

0.24 

0.26 

0.26 

LTOA 

(C) 

4.7 

4.9 

0 

1220 

1211 

1203 

0.28 

0.28 

0.28 

4.9 

-10 

15.27 

15.40 

15.55 

0.26 

0.27 

0.26 

5.1 

-20 

14.40 

14.77 

14.28 

0.17 

0.15 

0.17 

AC10+SBR 

Inlticy 
Compaction 

Unaged 
(A) 

6.7 

6.8 

0 

10.34 

10.35 

10.17 

0.22 

0.22 

0,23 

6.8 

-10 

13.59 

13.86 

13.56 

0.23 

0.21 

0.23 

6.9 

-20 

1633 

15.95 

1603 

0.25 

0.26 

0,26 

STOA 
(B) 

7.2 

7 

0 

1232 

1239 

1243 

0.32 

0.34 

0,32 

7 

-10 

17.22 

1749 

17,23 

0.30 

0.29 

0.32 

6.8 

-20 

19.93 

20.22 

20.06 

0.27 

0.26 

0.25 

LTOA 

(C) 

6.8 

7 

0 

11.87 

11.76 

11.85 

0.26 

0.26 

0.26 

7 

-10 

16.54 

1704 

16.54 

0.26 

0.24 

0.26 

7.2 

-20 

1779 

1786 

17.67 

0.24 

0.24 

0.26 

AC10+SBR 

Ultimate 
Compaction 

Unaged 

(A) 

3.5 

3.6 

0 

1278 

1289 

1241 

0.23 

0.23 

0.25 

3.6 

-10 

1617 

15.85 

15.94 

0.27 

0.28 

0.28 

3.7 

-20 

18.74 

18.98 

18.83 

0.28 

0.27 

0.28 

STOA 
(B) 

3.8 

3.7 

0 

1209 

11.94 

11.66 

0.21 

0.21 

0.23 

3.7 

-10 

1629 

1626 

1617 

0.26 

0.25 

0.26 

3.6 

-20 

2238 

22.56 

2210 

0.33 

0.31 

0.33 

LTOA 

(C) 

3.6 

3.73 

0 

1471 

14.20 

14.86 

0.27 

0.32 

0.27 

3.7 

-10 

18.32 

18.38 

18.01 

0.25 

0.26 

0.27 

3.9 

-20 

19.25 

18.99 

1933 

0.21 

0.22 

0.21 

213 


Table  B.  1       Results  of  Instantaneous  and  Total  Resilient  Modulus  (Continued) 


Mixture  ID 

AGING 

AIR  VOIDS  % 

Temp. 
(°C) 

Total  Resilient  Modulus 
(xGPa) 

Total  Poisson's  Ratio 

rAV  CT  due 

Cyde  1 

Cyde  2 

Cyde  3 

Cyde  1 

Cyde  2 

Cyde  3 

AC30 
Initial 
Compadion 

Unaged 
(A) 

O.  iJ 

8.4 

0 

11.57 

11.25 

11.33 

0.20 

0.22 

0.22 

ft  A 

-10 

11  95 

11.91 

11.72 

0.21 

0.21 

0.22 

ft  ? 

O.J 

-20 

16.51 

17.54 

16.27 

0.20 

0.17 

0.21 

STOA 
(B) 

1 1 

1  1 

11.3 

0 

8.44 

8.40 

8.35 

0.20 

0.20 

0.20 

11  'A 

1  I.O 

-10 

14.39 

14.28 

13.79 

0.24 

0.27 

0.31 

11  R 

-20 

12.93 

12.91 

13.39 

0.24 

0.24 

0.22 

LTOA 

(C) 

1 1  A 

11.3 

0 

9.76 

11.17 

10.35 

0.19 

0.13 

0.16 

11  ? 

-10 

1273 

13.36 

12.10 

0.24 

0.17 

0.28 

119 

-20 

13.33 

12.49 

12.60 

0.15 

0.19 

0.20 

AC30 
Ultimate 
Corrpaction 

Unaged 
(A) 

4.53 

0 

10.54 

10.18 

10.66 

0.17 

0.20 

0.15 

4.5 

-10 

8.64 

8.61 

8.74 

0.14 

0,15 

0.14 

4.6 

-20 

11.36 

11.43 

11.00 

0.24 

0.23 

0.25 

STOA 
(B) 

S  1 

4.77 

0 

14.95 

14.90 

14.30 

0.26 

0,27 

0.30 

A  ft 

H.O 

-10 

12.84 

1258 

1280 

0.19 

0,21 

0.20 

4.5 

-20 

2211 

2219 

21.93 

0.34 

0,33 

0.34 

LTOA 
(C) 

4.5 

4.7 

0 

13.12 

13.20 

13.21 

0.23 

0.22 

0.20 

4.7 

-10 

21,13 

21.62 

20.51 

0.35 

0.34 

0.37 

4.9 

-20 

1776 

1758 

17.61 

0.22 

0.24 

0.24 

AC30tGTR 

Initial 
Compaction 

Unaged 

(A) 

7 

6.8 

0 

7.02 

6.91 

6.98 

0.21 

0.22 

0.21 

6.8 

-10 

8.83 

8.82 

8.74 

0.27 

0.27 

0.27 

6.6 

-20 

13.64 

13.14 

1279 

0.14 

0.18 

0.18 

STOA 
(B) 

7.4 

7.6 

0 

8.35 

8.22 

8.09 

0.15 

0.17 

0.17 

7.6 

-10 

10.89 

11.18 

11.61 

0.23 

0.21 

0.17 

7.8 

-20 

11.03 

10.45 

10.19 

0.18 

0.22 

0.24 

LTOA 

(C) 

7.7 

7.8 

0 

11.78 

11.71 

11.69 

0.21 

0.22 

0.22 

7.8 

-10 

14.07 

1402 

14.14 

0.28 

0.29 

0.28 

7.9 

-20 

16.66 

16.96 

16.56 

0.26 

0.24 

0,26 

AC30fGTR 

Ultimate 
Compaction 

Unaged 

(A) 

4.7 

4.6 

0 

11.08 

10.98 

10.76 

0.25 

0.25 

0.25 

4.6 

-10 

13.51 

13.56 

13.64 

0.23 

0.22 

0.22 

4.5 

-20 

21.70 

22.05 

21.58 

0.43 

0.42 

0.42 

STOA 

(B) 

4.8 

4.9 

0 

1234 

11.89 

1215 

0.24 

0.26 

0.23 

4.9 

-10 

14.39 

14.28 

13.79 

0.24 

0  77 

0.31 

-20 

Ifi97 

lRfi7 

n  94 

n  9R 

n  94 

LTOA 

(C) 

A  7 

4.9 

0 

11  fln 

11  RR 

1  I.OO 

n  9fl 

n  9ft 

n  9R 

H.57 

-10 

I*; 

I"!  nn 

I"!  91 

n  9R 

n  97 

n  9R 

-20 

14  1"^ 

14  9S 

14  KQ 

n  iR 

n  17 

U.  1  / 

n  i'^ 

AC10+SBR 

Initial 
Compaction 

Unaged 

(A) 

R  7 

6.8 

0 

Q  AA 
9.00 

Q  Q1 

Q  ftO 
9.0^ 

n  91 

n  99 

R  ft 

-10 

1  o.nO 

n  SR 

1*^  nR 

n  99 

n  91 

n  94 

-20 

1 0.*t/ 

1R 

1R  07 

n  9Q 

n  9A 

n  9R 

STOA 

(B) 

7  9 

7 

0 

11  ftft 
1  I.OO 

1 1  Q7 

11.9/ 

10  ni 

n  T9 

u.oo 

n  '59 

7 

-10 

1R  AQ 

1R 

1R  RR 

ID.  DO 

n  9ft 

n  9Q 

A  '51 

6.8 

-20 

1978 

20.02 

20.05 

0.27 

0.26 

0.26 

LTOA 

(C) 

6.8 

7 

0 

11.37 

11.37 

11.39 

0.26 

0.26 

0.25 

7 

-10 

1632 

16.53 

1633 

0.26 

0.25 

0.26 

7.2 

-20 

1745 

1758 

1752 

0.24 

0.25 

0.26 

AC10+SBR 

Ultimate 
Compaction 

Unaged 

(A) 

3.5 

3.6 

0 

1255 

1256 

1227 

0.25 

0.25 

0.27 

3.6 

-10 

16.75 

1685 

16.92 

0.37 

0.35 

0.34 

3.7 

-20 

19.00 

18.61 

18.46 

0.26 

0.28 

0.29 

STOA 
(B) 

3.8 

3.7 

0 

11.53 

11.68 

11.23 

0.22 

0.21 

0.23 

3.7 

-10 

1608 

1581 

1600 

0.26 

0.26 

0.25 

3.6 

-20 

22.08 

22.20 

21.80 

0.33 

0.31 

0.34 

LTOA 
(C) 

3.6 

3.73 

0 

1419 

1423 

14.35 

0.29 

0.29 

0.28 

3.7 

-10 

1813 

18.05 

1786 

0.26 

0.26 

0.28 

3.9 

-20 

18.99 

19.00 

19.32 

0.22 

0.22 

0.21 

Table  B.2       Results  of  Indirect  Tensile  Creep  and  Strength  Test 


Mixture 

Loading 

Creep  Compliance  (1/psi) 

Tensile  Strength 

ID 

Time(sec) 

at  7n°p 
ai  -zu  \^ 

at  in°p 

at  -0°C 

at-10°C  (psi) 

1 

A  IRC  07 

7  7QP  n7 

6.24E-07 

2 

4.DC-07 

Q  A'iC  n7 

8.19E-07 

5 

4.b2b-U/ 

o  nc  n7 

1E-06 

10 

c  ncc  n7 
O.UDt-U/ 

Q  oc  n7 

y.yt-u/ 

1.18E-06 

20 

O.DZt-U/ 

1 .1  Ot-UD 

1 .48E-06 

50 

0.O3C.-VJI 

1  .ooc-uo 

1 .85E-06 

AC30 

100 

£i  '3'JC  n7 

1 .4Dt-UD 

2E-06 

258.6 

Unaged 

200 

c  coc  n7 
b.byb-U/ 

\  ./4t-UD 

2.65E-06 

426.6 

Initial 

500 

7  ooc  rv7 

2.1 1  t-UD 

3.84E-06 

378.6 

Compaction 

550 

8.05E-07 

2.18E-06 

4.03E-06 

600 

O.UjC-U/ 

4.21  E-06 

650 

8.15E-07 

2.28E-06 

4.34E-06 

700 

8.12E-07 

2.37E-06 

4.61  E-06 

750 

8.25E-07 

2.4E-06 

4.87E-06 

800 

8  37E-07 

2.45E-06 

4.97E-06 

850 

8  35F-07 

7  49F-06 

5.07E-06 

900 

8  46E-07 

7  56E-06 

5.29E-06 

950 

^  .w^^  wU 

5.5E-06 

1000 

8  85E-07 

2  62E-06 

5.65E-06 

Poisson's 

Ratio 

n  1 Q 

U.  1  a 

0.16 

1 

D.94C-07 

n  ofic  ri7 

7.65E-07 

2 

7.05C-U7 

4  r\7c  nc 
1  .07c-0d 

8.94E-07 

5 

7.D5E-07 

•1  A  "7r"  rto 

1.17E-06 

1E-06 

10 

8.07E-07 

1 .25E-06 

1.16E-06 

20 

8.DDE-07 

1 .45E-06 

1 .36E-06 

50 

9.43E-07 

1 .77E-06 

1 .75E-06 

AC30 

100 

1 .03E-06 

1 .99E-06 

2.18E-06 

327.6 

Unaged 

200 

1.16E-06 

2.44E-06 

2.92E-06 

197  2 

1  w  1 

Ultimate 

500 

1 .41 E-06 

3.37E-06 

4  33E-06 

^.WW^  WW 

367  7 

Compaction 

550 

1 .43E-06 

3.51  E-06 

4.5E-06 

600 

wwv 

1 .47E-06 

3.61  E-06 

A.  R9F  nR 

650 

1.51  E-06 

3.69E-06 

4.81  E-06 

700 

1 .55E-06 

3.81  E-06 

5E-06 

750 

1 .58E-06 

3.89E-06 

5.17E-06 

800 

1 .6E-06 

4E-06 

5.27E-06 

850 

1 .63E-06 

4.09E-06 

5.39E-06 

900 

1 .66E-06 

4.19E-06 

5.51  E-06 

950 

1 .69E-06 

4.28E-06 

5.62E-06 

1000 

1.7E-06 

4.4E-06 

5.7E-06 

Poisson's  Ratio 

0.29 

0.14 

0.16 

Table  B.2 


Results  of  Indirect  Tensile  Creep  and  Strength  Test  (Continued) 


Mixture 

Loading 

Creep  Compliance  (1/psi) 

Tensile  Strength 

ID 

Time(sec) 

at  -20  °C 

at-10°C 

at  -0°C 

at-10°C  (psi) 

1 

6.26E-07 

7.83E-07 

1.08E-06 

2 

\j .^^^  \j  1 

8  n'^F-07 

1.13E-06 

5 

fi  fi4F-07 

1 .35E-06 

10 

1.28E-06 

20 

7  n7F-n7 

9  Q3E-07 

1 .67E-06 

50 

7  59E-07 

1  24E-06 

2.15E-06 

AC30 

100 

8  1'?F-07 

1  26E-06 

2.42E-06 

334.6 

STOA 

200 

9.07E-07 

1 .44E-06 

3.03E-06 

259.4 

initial 

500 

1  09E-06 

1 .75E-06 

4.25E-06 

240.5 

Compaction 

550 

1  .  1  c-uo 

4.41  E-06 

600 

1.13E-06 

1  88E-06 

4.6E-06 

650 

1.16E-06 

1 .93E-06 

4.75E-06 

700 

1.18E-06 

1 .98E-06 

4.9E-06 

750 

1.19E-06 

2.05E-06 

5.04E-06 

800 

1 .22E-06 

2.09E-06 

5.2E-06 

850 

1.26E-06 

2.15E-06 

5.36E-06 

900 

1 .27E-06 

2.2E-06 

5.55E-06 

950 

1 .29E-06 

2.24E-06 

5.69E-06 

1000 

1.31E-06 

2.25E-06 

5.84E-06 

Poisson's 

Ratio 

0.29 

0.24 

0.21 

1 

6.3E-07 

2 

ni  F-n7 

6.95E-07 

5 

•>  7RF-n7 

R  '^RF-n7 

8.52E-07 

10 

RRF  07 

R  1 1  P  n7 

9.5E-07 

20 

7  '^7P  07 

1.12E-06 

50 

"X  RQF  n7 

1 .47E-06 

AC30 

100 

o  OOP  n7 

1  IIP 

1 .93E-06 

237.6 

STOA 

200 

4  OOP  n7 

1  ^^P  nR 

2.46E-06 

494.4 

Ultimate 

500 

j.uon-u/ 

■\  op  rvR 

3.61  E-06 

607.5 

Compaction 

550 

b.Obc-07 

1 .87E-06 

3.81  E-06 

600 

5.18E-07 

1 .95E-06 

4.01  E-06 

650 

5.25E-07 

2.01  E-06 

4.18E-06 

700 

5.47E-07 

2.05E-06 

4.35E-06 

750 

5.39E-07 

2.12E-06 

4.48E-06 

800 

5.57E-07 

2.17E-06 

4.65E-06 

850 

5.56E-07 

2.22E-06 

4.81  E-06 

900 

5.57E-07 

2.25E-06 

4.95E-06 

950 

5.57E-07 

2.28E-06 

5.09E-06 

1000 

5.66E-07 

2.33E-06 

5.22E-06 

Poisson's  Ratio 

0.5 

0.3 

0.33 

Table  B  .2       Results  of  Indirect  Tensile  Creep  and  Strength  Test  (Continued) 


Mixture 

Loading 

Creep  Compliance  (1/psi) 

Tensile  Strength 

ID 

Time(sec) 

at  -20  °C 

at  -10°C 

at-0°C 

at-10°C  (psi) 

1 

86P-07 

5.27E-07 

2 

O.  1  Oi_-*U/ 

7.14E-07 

5 

8.31  E-07 

10 

7  9ftF  07 

9.77E-07 

20 

7  QAP  07 

1E-06 

50 

R  7RP  07 

Q  fi1  F  07 

1.22E-06 

AC30 

100 

7  99P  07 

1  1F  OR 

1 .55E-06 

358.4 

LTOA 

200 

R  1RP  07 

1 .85E-06 

254 

Initial 

500 

Q  7'^P  07 

1  RAF  OR 

2.5E-06 

272.4 

Compaction 

550 

1  .Ul  t-UD 

1 .  /  Zt-UD 

2.7E-06 

600 

1  O'^P-OR 

2.89E-06 

650 

1 .06E-06 

1 .83E-06 

2.99E-06 

700 

1 .08E-06 

1 .9E-06 

3.11E-06 

750 

1.11E-06 

1 .94E-06 

3.2E-06 

800 

1.14E-06 

1 .99E-06 

3.3E-06 

850 

1.16E-06 

2.02E-06 

3.4E-06 

900 

1.2E-06 

2.08E-06 

3.5E-06 

950 

1.23E-06 

2.12E-06 

3.54E-06 

1000 

1 .24E-06 

2.15E-06 

3.68E-06 

Poisson's 

Ratio 

0.31 

0.29 

0.24 

1 

4  94F-n7 

8.07E-07 

2 

4  'iP-n7 

8.25E-07 

5 

4  4RF  07 

ORP  07 

8.68E-07 

10 

A  7RP  07 

0.4  1  C-U/ 

9.17E-07 

20 

A  Top  07 

c  coc  n7 

9.9E-07 

50 

4.yzt-U/ 

D.Ul  t-U/ 

1 .26E-06 

AC30 

100 

0.4/ t-U/ 

e  •!  OCT  n7 
b.1ob-u7 

1 .5E-06 

527.6 

LTOA 

200 

O.Uot-U/ 

7  noc  n7 

1 .85E-06 

591.8 

Ultimate 

500 

/  .2t-U/ 

D  O'^C  n7 

O.32C-07 

2.37E-06 

475.2 

Compaction 

550 

7.33E-07 

8.54E-07 

2.47E-06 

600 

7.34E-07 

8.65E-07 

650 

7.45E-07 

8.77E-07 

2.65E-06 

700 

7.74E-07 

8.92E-07 

2.68E-06 

750 

7.77E-07 

9.06E-07 

2.75E-06 

800 

7.76E-07 

9.06E-07 

2.8E-06 

850 

7.97E-07 

9.24E-07 

2.88E-06 

900 

8.17E-07 

9.37E-07 

2.92E-06 

950 

8.36E-07 

9.49E-07 

2.97E-06 

1000 

8.38E-07 

9.52E-07 

3.06E-06 

Poisson's  Ratio 

0.26 

0.32 

0.12 

Table  B.2 


Results  of  Indirect  Tensile  Creep  and  Strength  Test  (Continued) 


Mixture 

Loading 

Creep  Compliance  (1/psi) 

Tensile  Strength 

ID 

Time(sec) 

at  -20  °C 

at  -10°C 

at  -OX 

at-10°C  (psi) 

1 

O.D  1  C-\Jt 

1  A'XP  nR 

1 .36E-06 

2 

D.  I  C-U/ 

1  'JAP  nR 

1 .58E-06 

5 

1  7QP  OR 

1 .89E-06 

10 

1  '?7P  OR 

2.14E-06 

20 

1  7RP  nR 

2.47E-06 

50 

H  71  P  n7 
O.O  1  C-\Jl 

9  1  ^P  HR 

3.28E-06 

AC30+GTR 

100 

a  otz  n7 

O  c-i  C  DR 

4.15E-06 

274.5 

Unaged 

200 

•1  OTP  [\R 

"5  QIC  nR 

5.57E-06 

276.2 

Initial 

500 

1  Tjp  nR 

A  1  HP  nR 

7.41  E-06 

302.4 

Compaction 

550 

H    OTC  Off 

1 .37n-0o 

4.37n-06 

7.88E-06 

600 

1  4 1  p  nR 

1     1  C-UD 

A  ';7P  nR 

4.3/ C-UD 

8  26E-06 

Wi^W^_  WW 

650 

1.41E-06 

4.74E-06 

8.57E-06 

700 

1 .44E-06 

4. 94  E-06 

8.97E-06 

750 

1 .48E-06 

5.11  E-06 

9.25E-06 

800 

1 .51 E-06 

5  32E-06 

9.54E-06 

850 

1 .55E-06 

5  51  E-06 

9.79E-06 

900 

1 .58E-06 

5  69E-06 

1.01E-05 

950 

1 .6E-06 

5  87E-06 

1 .03E-05 

1000 

1 .64E-06 

6  06 E-06 

1 .06E-05 

Poisson's 

Ratio 

0.21 

1 

■5  RRP  07 

R  7RP  n7 
D./DC-U/ 

9.94E-07 

2 

T  iKp  n7 

7  AP  n7 

1 .07E-06 

5 

7  "^RP  07 

7  RRP  n7 

1.16E-06 

10 

1  l^OP  n7 

fi  Ri  p  n7 

1 .35E-06 

20 

1  RP  n7 

Q  QA  p  n7 

o.y4t-u/ 

1 .53E-06 

50 

A  oi  p  n7 

1 .02t-06 

1 .8E-06 

AC30+GTR 

100 

A  At^C  n7 

1.11  c-Od 

2.2E-06 

455.1 

Unaged 

200 

o.02n-07 

1 .34E-06 

2.75E-06 

460 

Ultimate 

500 

Dc-07 

1 .65E-06 

3  59E-06 

w.Wwu>  WW 

434  Q 

•Tw*r.w 

Compaction 

550 

6.1E-07 

1 .7E-06 

3  74F-0B 

6Q0 

WWW 

6.17E-07 

1 .73E-06 

o  Rcp  nR 

0. OOC-UD 

650 

6.22E-07 

1 .77E-06 

4.03E-06 

700 

6.31  E-07 

1.81  E-06 

4.17E-06 

750 

6.37E-07 

1.86E-06 

4.28E-06 

800 

6.49E-07 

1.91  E-06 

4.38E-06 

850 

6.6E-07 

1 .94E-06 

4.53E-06 

900 

6.67E-07 

1 .97E-06 

4.63E-06 

950 

6.75E-07 

1 .99E-06 

4.73E-06 

1000 

6.85E-07 

2.02E-06 

4.82E-06 

Poisson's  Ratio 

0.5 

0.2 

0.22 

Table  B  .2       Results  of  Indirect  Tensile  Creep  and  Strength  Test  (Continued) 


Mixture 

ID 

Loading 

Time(sec) 

Creep  Compliance  (1/psi) 

at-20°C  at-10°C 

at  -0°C 

Tensile  Strength 

at-lOX  (psi) 

1 

7.77E-07 

8.3E-07 

1 .24E-06 

2 

8.31  E-07 

8.76E-07 

1 .52E-06 

5 

8.69E-07 

9.63E-07 

1.61  E-06 

10 

9.36E-07 

1 .04E-06 

1.97E-06 

20 

9.87E-07 

1.11  E-06 

2.21  E-06 

50 

1.15E-06 

1 .34E-06 

2.63E-06 

AC30+GTR 

100 

1 .26E-06 

1 .73E-06 

3.22E-06 

336.2 

STOA 

200 

1 .45E-06 

2.14E-06 

4.07E-06 

415.5 

Initial 

500 

1  89E-06 

2  98E-06 

5.85E-06 

387.9 

Compaction 

550 

1 .96E-06 

3.11  E-06 

6.15E-06 

600 

2.01  E-06 

3.22E-06 

6.45E-06 

650 

2.07E-06 

3.31  E-06 

6.64E-06 

700 

2.11  E-06 

3.45E-06 

6.85E-06 

750 

2.17E-06 

3.57E-06 

7.12E-06 

800 

2.23E-06 

3.66E-06 

7.33E-06 

850 

2.28E-06 

3.73E-06 

7.53E-06 

900 

2.33E-06 

3.82E-06 

7.73E-06 

950 

2.38E-06 

3.94E-06 

7.93E-06 

1000 

2.47E-06 

4.05E-06 

8.13E-06 

Poisson's 

Ratio 

0.23 

0.19 

0.12 

1 

4.67E-07 

7.24E-07 

7.35E-07 

2 

4.86E-07 

7.35E-07 

8.36E-07 

5 

5.1  E-07 

7.74E-07 

7.18E-07 

10 

5.24E-07 

8  55 E-07 

1 .07E-06 

20 

5  81 E-07 

8  63E-07 

1.1  E-06 

50 

6  4E-07 

1  02  E-06 

1 .42E-06 

AC30+GTR 

100 

6  62E-07 

Q  9F-07 

1 .75E-06 

467.4 

STOA 

200 

6  83E-07 

1  09F-06 

2.15E-06 

375.8 

Ultimate 

500 

1  .oc-uo 

2.78E-06 

372.6 

Compaction 

550 

7.61  E-07 

1.31  E-06 

2.9E-06 

600 

7.65E-07 

1.34E-06 

2  98E-06 

650 

8.01  E-07 

1 .39E-06 

3.13E-06 

700 

7.98E-07 

1.41  E-06 

3.2E-06 

750 

7.98E-07 

1 .44E-06 

3.28E-06 

800 

8.27E-07 

1 .44E-06 

3.3E-06 

850 

8.35E-07 

1 .48E-06 

3.34E-06 

900 

8.39E-07 

1 .48E-06 

3.4E-06 

950 

8.44E-07 

1.47E-06 

3.47E-06 

1000 

8.59E-07 

1.45E-06 

3.47E-06 

Poisson's  Ratio 

0.31 

0.17 

0.18 

Table  B  .2       Results  of  Indirect  Tensile  Creep  and  Strength  Test  (Continued) 


Mixture 

Loading 

Creep  Compliance  (1/psi) 

Tensile  Strength 

ID 

Time(sec) 

at  -20  °C 

at  -10°C 

at  -0°C 

at-10°C  (psi) 

1 

5  88F-07 

4.8E-07 

2 

4  Q1  F  07 

*r  .5?  1  C-U  f 

6.32E-07 

5 

R  R9F  07 

6.28E-07 

10 

7  14F-n7 

8.03E-07 

20 

7  7AF-n7 

8.12E-07 

50 

1 .08E-06 

AC30+GTR 

100 

Q  7F-n7 

1 .27E-06 

454.9 

LTOA 

200 

1.58E-06 

364 

Initial 

500 

2.1E-06 

359.8 

Compaction 

550 

o  OOP  n7 

imp  HR 

1  .0  1  c-uo 

2.15E-06 

600 

8.49E-07 

1  56E-06 

2.22E-06 

650 

8.69E-07 

1 .62E-06 

2.28E-06 

700 

8.81  E-07 

1 .65E-06 

2.31  E-06 

750 

9.08E-07 

1.71E-06 

2.34E-06 

800 

9.29E-07 

1 .76E-06 

2.36E-06 

850 

9.42E-07 

1 .86E-06 

2.36E-06 

900 

9.55E-07 

1 .9E-06 

2.4E-06 

950 

9.66E-07 

1 .97E-06 

2.44E-06 

1000 

9.63E-07 

2.02E-06 

2.45E-06 

Poisson's 

Ratio 

0.32 

0.33 

0.44 

1 

A  yap  n? 

vJ.HOP-U  # 

7.69E-07 

2 

Ri  P  07 

8.45E-07 

5 

nop  (17 

R  "^AP  07 

9.77E-07 

10 

c  opp  n7 

R  O^P  n7 

1.11  E-06 

20 

c  OTP  07 

R  QP  n7 

D.at-u/ 

1.11  E-06 

50 

c  Qcp  n7 

7  QCP  n7 

1 .48E-06 

AC30+GTR 

100 

c  >i  p  n7 
D.4t-U/ 

Q  QQP  rt7 

o.oyt-u/ 

1 .69E-06 

391.3 

LTOA 

200 

7  n>i  p  n7 
/  .U4t-U/ 

1  .U  1  t-UO 

1 .99E-06 

355.1 

Ultimate 

500 

Q  1  OP  1X7 

A  o  H  p  nc 
1  .o  1  t-Ub 

2.76E-06 

380.2 

Compaction 

550 

8.28E-07 

1 .34E-06 

2.8E-06 

600 

8.47E-07 

1 .37E-06 

2  83 E-06 

^  .\J>J^—  \J\J 

650 

8.61  E-07 

1.41E-06 

2.9E-06 

700 

8.64E-07 

1 .45E-06 

3E-06 

750 

8.81  E-07 

1 .5E-06 

3.14E-06 

800 

8.99E-07 

1.51E-06 

3.21  E-06 

850 

9E-07 

1 .56E-06 

3.24E-06 

900 

9.14E-07 

1 .6E-06 

3.34E-06 

950 

9.27E-07 

1 .63E-06 

3.43E-06 

1000 

9.49E-07 

1 .68E-06 

3.49E-06 

Poisson's  Ratio 

0.26 

0.32 

0.25 

Table  B  ,2       Results  of  Indirect  Tensile  Creep  and  Strength  Test  (Continued) 


Mixture 

Loading 

Creep  Compliance  (1/psi) 

Tensile  Strength 

ID 

Time(sec) 

at  -20  °C 

at  -10°C 

at  -OX 

at-10°C  (psi) 

1 

R  ^RF-n7 

1.01  E-06 

2 

A  cop  07 

R  Qp  07 

1.1  E-06 

5 

n.yoc-u  ( 

R  1RF  07 

1 .33E-06 

10 

c  \  Qp  07 

R  R7P  07 

1 .58E-06 

20 

C  H7P  07 

0  71 P  n? 

1.81  E-06 

50 

ft  "^QP  07 

1  OAF  nR 

2.28E-06 

AC10+SBR 

100 

R  BP  07 

1  ARF  HR 

2.87E-06 

387.6 

Unaged 

200 

7  AAP  07 

1  RRP  OR 

3.71  E-06 

440.1 

Initial 

500 

o  ocp  07 

9  RRP  OR 

5.27E-06 

460.6 

Compaction 

550 

Q  ncp  n7 

O  7QP  nc 

5.51  E-06 

600 

9  RQF-OR 

5.7E-06 

650 

9.44E-07 

3.04E-06 

5.94E-06 

700 

9.55E-07 

3.14E-06 

6.19E-06 

750 

9.73E-07 

3.27E-06 

6.39E-06 

800 

9.91  E-07 

3.4E-06 

6.6E-06 

850 

1E-06 

3.5E-06 

6.79E-06 

900 

1 .02E-06 

3.63E-06 

6.97E-06 

950 

1 .03E-06 

3.73E-06 

7.12E-06 

1000 

1 .05E-06 

3.81  E-06 

7.32E-06 

Poisson's 

Ratio 

0.4 

0  25 

0.21 

1 

4  1  RF  n7 

74F  07 

7.6E-07 

2 

A.  "i/vp-  m 

*f  .OOC-U/ 

R  R'3P  07 

8.76E-07 

5 

A  l^QP  07 

7  1  P  07 
/ .  1  C-U/ 

9.71  E-07 

10 

A  A7P  07 

7  K/IP  07 

1.15E-06 

20 

C  ORP  07 

Q  7*3  P  07 

1.36E-06 

50 

C  70C  07 

•1  HOP 

1 .1  oh-Ob 

1 .72E-06 

AC10+SBR 

100 

b.23c-07 

1 .31  c-Od 

2.05E-06 

410.8 

Unaged 

200 

D.o7b-07 

4  f>  [ —  riff 

1 .66c-06 

2.58E-06 

536.5 

Ultimate 

500 

O.88E-07 

2.28t-06 

3  76E-06 

567.9 

Compaction 

550 

9.02E-07 

2.38E-06 

3.92E-06 

600 

9.24E-07 

2.54E-06 

4  ORF-Ofi 

650 

9.51  E-07 

2.5E-06 

4.18E-06 

700 

9.69E-07 

2.57E-06 

4.32E-06 

750 

1E-06 

2.65E-06 

4.43E-06 

800 

1 .02E-06 

2.7E-06 

4.55E-06 

850 

1 .04E-06 

2.78E-06 

4.69E-06 

900 

1 .06E-06 

2.86E-06 

4.84E-06 

950 

1 .08E-06 

2.95E-06 

4.99E-06 

1000 

1.1E-06 

3.01  E-06 

5.16E-06 

Poisson's  Ratio 

0.32 

0.35 

0.33 

Table  B  .2       Results  of  Indirect  Tensile  Creep  and  Strength  Test  (Continued) 


Mixture 

Loading 

Creep  Compliance  (1/psi) 

Tensile  Strength 

ID 

Time(sec) 

at  -20  °C 

at-10°C 

at  -0°C 

at-10°C  (psi) 

1 

3  59E-07 

5.48E-07 

6.51  E-07 

2 

87F-07 

5  65E-07 

7.71  E-07 

5 

6.47E-07 

9.69E-07 

10 

4  33E-07 

7.07E-07 

1.18E-06 

20 

7  33E-07 

1 .49E-06 

50 

A  Q4F-07 

8  25E-07 

1 .97E-06 

AC10+SBR 

100 

R  Q3F-07 

2.64E-06 

507.9 

STOA 

200 

fi 1 F-O? 

U.  1  t  U  1 

1  11F-06 

1  .  1    1  i_  \J\J 

3.53E-06 

555.4 

Initial 

500 

5.35E-06 

539.5 

Compaction 

550 

1  4i%F  HR 

5.61  E-06 

600 

7.63E-07 

1 .48E-06 

5.87E-06 

650 

7.79E-07 

1 .52E-06 

6.08E-06 

700 

8E-07 

1 .57E-06 

6.28E-06 

750 

8.07E-07 

1 .6E-06 

6.55E-06 

800 

8.27E-07 

1 .63E-06 

6.77E-06 

850 

8.35E-07 

1 .67E-06 

6.91  E-06 

900 

8.5E-07 

1 .69E-06 

7.15E-06 

950 

8.66E-07 

1 .72E-06 

7.39E-06 

1000 

8.81  E-07 

1 .76E-06 

7.65E-06 

Poisson's 

Ratio 

0.33 

0.33 

0.22 

1 

2  83E-07 

5  83E-07 

8.69E-07 

2 

3  01  E-07 

6  1S>F-Q7 

9.43E-07 

5 

3  38F-07 

7  7F-n7 

1.18E-06 

10 

7  'iQF-n7 

1.19E-06 

20 

3  77F-n7 

a  Ac,c  07 

1 .52E-06 

50 

A  -Ji  F-n7 

H.O  1  ^  U / 

1 .86E-06 

AC10+SBR 

100 

A  4QF  07 

1  i^F  nR 

2.26E-06 

577.9 

STOA 

200 

A  QOF  (17 

1  .o4t-UD 

2.83E-06 

578.7 

Ultimate 

500 

c  Oyic  n7 

1  77C  flR 

4.14E-06 

571.1 

Compaction 

550 

5.y9b-07 

1 .83E-06 

4.4E-06 

600 

6.1  E-07 

1.9E-06 

4.57E-06 

650 

6.25E-07 

1 .94E-06 

4.75E-06 

700 

6.31  E-07 

2E-06 

4.88E-06 

750 

6.34E-07 

2.06E-06 

5.04E-06 

800 

6.44E-07 

2.1E-06 

5.23E-06 

850 

6.47E-07 

2.14E-06 

5.34E-06 

900 

6.55E-07 

2.17E-06 

5.5E-06 

950 

6.63E-07 

2.21  E-06 

5.66E-06 

1000 

6.65E-07 

2.26E-06 

5.8E-06 

Poisson's  Ratio 

0.5 

0.25 

0.22 

Table  B.2       Results  of  Indirect  Tensile  Creep  and  Strength  Test  (Continued) 


Mixture 

Loading 

Creep  Compliance  (1/psi) 

Tensile  Strength 

ID 

Time(sec) 

at  -20  °C 

at  -10°C 

at  -0°C 

at-10°C  (psi) 

1 

A.  OP  n? 

n7P  07 

6.92E-07 

2 

c  ocp  n7 

7.67E-07 

5 

RP  07 

9.46E-07 

10 

c  OTP  n7 

R  R7P  07 

1.1  E-06 

20 

RP  07 

7  A1  P  07 

1.3E-06 

50 

R  97P  07 

Q  ep  n7 

1 .54E-06 

AC10+SBR 

100 

R  RRP  n7 

1  01P  OR 

1 .83E-06 

495.1 

LTOA 

200 

7  ';QP  07 

1  OI^P  OR 

2.19E-06 

492.2 

Initial 

500 

Q  OHP  07 

■1  C7P  OR 

2.94E-06 

581.4 

Compaction 

550 

9.36C-07 

1 .63E-06 

3.05E-06 

600 

Q  ROP  07 

1  R7P  OR 
1 .0/ t-UD 

3.22E-06 

650 

9  88E-07 

1 .72E-06 

3.3E-06 

700 

1 .01 E-06 

1 .77E-06 

3.39E-06 

750 

1  03E-06 

1.81  E-06 

3.48E-06 

800 

1  05E-06 

1 .87E-06 

3.62E-06 

850 

1 .07E-06 

1 .9E-06 

3.7E-06 

900 

1  09E-06 

1  .Uw^  wW 

1  94E-06 

3.83E-06 

950 

1.1  E-06 

1  98E-06 

3.86E-06 

1000 

1.11  E-06 

2  07E-06 

3.87E-06 

Poisson's 

Ratio 

n  7fi 

0.38 

1 

4P  07 

4.44t-U/ 

6.17E-07 

2 

^  OI^P  07 

4.C)Dt-U/ 

6.09E-07 

5 

>l  >mP  07 

c  Oil c  r\7 

7.66E-07 

10 

>(  COC  07 

o.d2c-07 

8E-07 

20 

tj.l  bn-07 

5.97E-07 

9.07E-07 

50 

c  Oil  c  n7 

7.21  E-07 

1 .07E-06 

AC10+SBR 

100 

5.92E-07 

7.77E-07 

1 .27E-06 

580.5 

LTOA 

200 

D.17E-07 

8.76E-07 

1 .41  E-06 

589.6 

Ultimate 

500 

7.1E-07 

1 .07E-06 

1 .8E-06 

647  1 

Compaction 

550 

7.26E-07 

1.1  E-06 

1  88E-06 

600 

7.41  E-07 

1.15E-06 

650 

7.62E-07 

1.18E-06 

1 .99E-06 

700 

7.75E-07 

1.21  E-06 

1 .99E-06 

750 

7.9E-07 

1 .23E-06 

2.06E-06 

800 

8.06E-07 

1 .27E-06 

2.12E-06 

850 

8.17E-07 

1 .29E-06 

2.14E-06 

900 

8.29E-07 

1.3E-06 

2.18E-06 

950 

8.42E-07 

1 .32E-06 

2.24E-06 

1000 

8.75E-07 

1 .35E-06 

2.33E-06 

Poisson's  Ratio 

0.25 

0.29 

0.41 
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